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ABSTRACT 


In contrast to studies with isolated enzymes 
most investigations of enzymes of purine ribonucleotide 
synthesis and interconversion in intact cells have been 
only qualitative or descriptive. It was the purpose of 
the studies reported in this thesis to develop methods 
by which the apparent activities of several enzymes of 
purine metabolism in intact cells can be measured quan= 
titatively. 

A first-order kinetic analysis was made of the 
reactions of purine ribonucleotide synthesis and inter- 
conversion in Ehrlich ascites tumor cells; rate constants 
were determined for several of these reactions by employing 
non-saturating purine=""C base concentrations. Nucleotide 
monophosphate synthesis from purine bases was rate limiting 
for ATP and GTP synthesis. 

A procedure for measuring apparent activities 
of individual enzymes was developed and applied to the 
reactions of eae arieeaa cs hypoxanthine-"“c and guanine- 
Ere metabolism and the reactions of atp-14¢ catabolism. 

An analytical procedure was also developed by which drug 
or other effects on apparent activities of several indi- 
vidual enzymes can be determined in the whole cell. 


These procedures have been applied to the study of purine 


PoAATReA 
: 
{ 7 7 _ 


Bemysae besslori itiw asibuse od geatzieo at 
abitosisunodrs grizva in esmysae to ecolteptsapval - de 


qu6d even aliiso toatnt mt noleravnoose dat bas oe 
7 a 


40 seeqtng eft ehw 71 -avisgiice 2eb 10 avitediiaup “ie 
aborldjem golaveh of sfeonds eidy mt bust toqe2 eeibusa ods 
ao eenysns-lssevse to asitivisges snsteggs rts ito tate sg 
“*teup Soavesem od nso Pilsa tpsFni it mad odesen entsoq: 

| |  ylevidesis 
= 
ett} Yo sbem esw eievlsne aisgenidt tebyo-serl? A i : 

-“etnt bis eteediaye sbiseolpanodsn aniaug to enoitose1 

etnesedos stax ieiico 1ofws setinen dobisda® al ko knamease 
privofems yo afotjorsx sasht to Isusvee +92) ‘pealemaseb: stew 
abigyasions .sunobtsithesdo> saad O° eniboid prisasnsee-ton 
pridimil sie2 45 esasd onitoq ior? ereadgaye osseevosoaen 7 
~bLeadsiiys qT) iin 7A 302 

#@etsivistoe tnetegas pakopens m xo2 saubeacta A : 
edt of beifagn bua Sda0fevah™ so epee caaiehhed 20 a 


~sitinsip bas oh 


-eciss naxdayae 9? ? *semlaahe to 2n ones 
er ern aM sana to sinitpeos ars bat mui todas. ae 
pusb dotriw wi baqolevab 2s sav. age fs yen 
7 Vio nd irs 
= thet os neieen te’ esitlvisoe FS ths o 4 ie aa 


= atl at syn Sant ee 9b 
1o eo sn age ot bet g tea 
- 


iv 


metabolism in synchronized L5178Y cells; the uptake and 
conversion of purine bases to nucleotides was the rate 
limiting step for purine nucleoside triphosphate synthe- 
sis. An increase in enzyme activities was observed 
which paralleled the increase in cell volume that occurs 
as the cells proceed through the cycle; however, a 
Significant decrease in adenine phosphoribosyltransferase 


activity was observed during the G,-phase of the cell cycle. 


2 
The effects of actinomycin D and daunomycin on 
acid-soluble purine metabolism were studied; both drugs 
inhibited nucleotide synthesis from purine bases and 
inhibited IMP dehydrogenase activity more than 50% at 
concentrations which inhibited incorporation of bases 
into nucleic acids by 90%. Actinomycin D also caused 
increases in ATP and GTP concentrations, suggesting that 
these acid-soluble nucleotides may be responsible for its 
effects on purine nucleotide metabolism. Subsequent 
experiments showed that elevated ATP and GTP concentra- 
tions did inhibit certain reactions of purine metabolism 
in Ehrlich ascites tumor cells. Purine phosphoribosyl- 
transferase activities were inhibited at high ATP and GTP 
concentrations, but whether inhibition is due to a direct 
effect on these enzymes, or due to inhibition of PRPP 
synthesis has not been determined. Elevated concentra- 


tions of ATP may have a slight inhibitory effect on AMP 
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synthesis from IMP, whereas high GTP concentrations 
severely inhibit IMP dehydrogenase activity. 

The alternative routes of deoxyadenosine meta- 
bolism, i.e., deamination, phosphorylation, and cleavage, 
were examined in several different animal cells and tis- 
sues. All of the tissues studied exhibited a low but 
measurable ability to cleave the glycosidic bond of 
deoxyadenosine. Variations in activities of enzymes of 
purine metabolism were studied in Ehrlich ascites tumor 
cells and sublines resistant to 6-mercaptopurine and 
6-methylmercaptopurine ribonucleoside, and in two lymphoma 
L5178Y lines which differed in their sensitivities to 
the delayed cytotoxic effect of 6-mercaptopurine. Several 


differences in apparent enzyme activities were observed. 
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CHAPTER 1 


GENERAL INTRODUCTION 


Purine derivatives and metabolites participate 
in reactions of many branches of intermediary metabolism 
and purine metabolism is closely related to cellular energy 
metabolism, and to DNA and RNA synthesis. The regulation 
of enzymes of purine nucleotide synthesis and interconver- 
sion and the relation of purine metabolism as a whole to 
other aspects of cellular metabolism has recently been 
reviewed (1,2). The many studies which have dealt quanti- 
tatively with the kinetics and regulation of enzymes of 
purine ribonucleotide synthesis and interconversion have 
also been reviewed (1,2,3,4). In contrast to studies with 
cell-free preparations, most investigations of enzymes of 
purine ribonucleotide synthesis and interconversion in intact 
cells have been only qualitative or descriptive. 

It was the purpose of the studies reported in this 
thesis to develop methods by which the apparent activities 
of several enzymes of purine ribonucleotide synthesis, 
interconversion and catabolism in intact cells can be mea- 
sured quantitatively. These methods rely on the use of 
radioactive purine precursors and the chromatographic methods 
of Crabtree and Henderson (5). 

As a first approach, a kinetic analysis was made 
of the reactions of purine ribonucleotide synthesis and 
interconversion in Ehrlich ascites tumor cells (Chapter 2). 


This is followed in Chapter 3 by the basic procedure for 
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measuring apparent activities of individual enzymes of 
purine metabolism in whole cells; this procedure is 
expanded in Chapter 4. These procedures have then been 
applied to the study of: purine metabolism in synchronized 
cells (Chapter 5); effects of actinomycin D and daunomycin 
on reactions of acid-soluble purine metabolism (Chapter 6) ; 
the effects of elevated ATP and GTP concentrations on 
purine metabolism (Chapter 7); alternative pathways of 
deoxyadenosine metabolism (Chapter 8); and variations in 
purine metabolism among five mouse tumor sublines (Chapter 
oe. 

The format of the following chapters is that of 
Manuscripts and each therefore includes its own introduction, 
methods, results and discussion section and references; 


Chapter 3 has already been published (6). 
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CHAPTER 2 


A KINETIC ANALYSIS OF PURINE NUCLEOTIDE SYNTHESIS AND 


INTERCONVERSION IN EHRLICH ASCITES TUMOR CELLS IN VITRO 
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INTRODUCTION 


The use of radioactive precursors for the study 
of the kinetics of biological processes has been reviewed 
by Zilversmit ('60) and Robertson ('57). Kinetic analyses 
of biological systems may be based either on measurements 
G©FCspecriie radioactivity of pools; or ‘on “total radtoacti-— 
vity measurements. Although more information may be ob- 
tained from analyses based on specific activity measurements, 
difficulties commonly encountered in determining total chem- 
ical pools of precursor and products, required for specific 
activity measurements, have caused several investigators 
to base their kinetic analysis on radioactivity measurements 
alone. Such analyses have proved useful in several appli- 
cations. The kinetics of a number of biological processes 
have been analyzed on the basis of a two-stage consecutive 
first-order reaction model (A*B*C), for example, carboxy- 
tolbutamide excretion (Nelson and O'Reilly, '62), galactose 
metabolism in erythrocytes (Hill and Puck, '67), te O-valine 
efflux from chopped brain (Jones and Banks, '70), and glu- 
cose and adenine uptake into acid soluble and insoluble 
pools (Burns, '70). A three-stage reaction model has been 
developed for the kinetic analysis of galactose metabolism 
(Hill and Puck, '70; Hill, '71) and a three-stage first 


order reaction model with a branch point has been applied 
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to the excretion of sulfonamides (Nelson, '62). 

In the present study, three and four stage con- 
secutive irreversible reaction models with primary and 
secondary branch points have been applied to a first order 
kinetic analysis of the metabolism of purine bases in 
Ehnwtichyascices tumor cells) in vitro. This study hasmbeen 
facilitated by the present understanding of the pathways 
of purine metabolism (Scheme 1) and the chromatographic 
methods of Crabtree and Henderson ('7la) enabling the 
measurement of radioactivity in purine ribonucleotides, 
ribonucleosides and bases. By uSing adenine, guanine, and 
hypoxanthine as radioactive precursors, the kinetic para- 
meters of the processes in Scheme 1 have been determined 
and used to predict the formation of ATP and GTP and their 


derivatives. 
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SCHEME 1. Pathways of purine metabolism. 
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MATERIALS AND METHODS 


Seinen te 50 mCi/mmole; Gepine ede ace 
50 mCi/mmole, and hypoxanthine-8-+*c, 52 mCi/mmole, were 
purchased from Schwarz BioResearch. Fischer's medium was 
purchased from Grand Island Biological Co., polyethylene- 
imine cellulose thin layer chromatography sheets on Mylar 
film from J. T. Baker Co., and cellulose thin layer chroma- 
tograms from Eastman Kodak Company. 

Ehrlich ascites tumor cells were maintained in 
Ha/ICR mice by weekly intraperitoneal injection of 5-6 x 
10° cells. Five or six days after implantation, cells were 
collected at room temperature in Fischer's medium modified 
to contain 25 mM phosphate buffer and without sodium bi- 
carbonate, pH 7.4 (Crabtree and Henderson, '7la). Cells 
were washed three times in this medium and a 2.5% (v/v) 
cell suspension was made in the modified Fischer's medium. 
Tumor cell suspensions, 1.6 ml, and additional medium were 
incubated at 37° with shaking for 20 min in 10 ml Erlenmeyer 
flasks; a radioactive purine base was then added to make 
the final volume 2.0 ml, and the metabolism of the radio- 
active purine was measured for 90 min. Most experiments 
were performed at non-saturating (50 HM) concentrations of 
purine bases, and virtually all of the labelled precursor 


was consumed during the course of the experiment; other 
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experiments were performed at saturating (1.0 mM) purine 
concentrations. 

At various times 100 wl of the incubation mixture 
Was transferred to plastic tubess (10¥x> 7bimme “Falcon, Plas— 
Eres) McontainingaSi dl ofrcoldide2)/M perchlonre acid¢gimixed 
and then neutralized with 5 ul of cold 4.42 N KOH. To 
analyze radioactivity in acid-soluble derivatives 10 ul 
of the supernatent was chromatographed on polyethyleneimine 
thin layers to separate the following ribonucleotides: 

GTP, ATP, GDP, ADP, GMP, XMP, IMP, AMP, NAD; or chromato- 
graphed on cellulose thin layers to separate the following 
bases andinucleosides’:: A, AR,“H, HR, G, GR, X,) XR; uric 
acid; the radioactivity in each compound was then measured. 
These methods have been described in detail by Crabtree 
and Henderson ('7la). 

In experiments using adenine or guanine as 
labelled precursor, total acid-insoluble radioactivity was 
taken to be equivalent to nucleic acid adenine synthesis 
from adeniné-2-¢ or nucleic acid guanine synthesis from 
guanine-**c. Less than 2% of radioactive adenine nucleo- 
tides, synthesized from ye, were converted to 
guanine nucleotides; and less than 5% of radioactive gua- 
nine nucleotides, synthesized from guanine-+*c, were con- 
verted to adenine nucleotides. Acid-insoluble radioactivity 


was measured by adding 0.5 ml of cold 0.4 M perchloric acid 
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to 100 wl of incubation mixture. These samples were then 
chilled and filtered on Whatman No. 3 filter paper discs 
which were successively washed with cold solutions of 2.5 
Mheoin0<4emM perchioriewacad (Wtiwice) , ~2.5 ml_of,0.3 mM 
trichloroacetic acid (three times), and 2.5 ml of methanol 
(twice). Radioactivity on the dried filter discs was then 
measured (Crabtree and Henderson, '7la). 

In experiments using hypoxanthine as precursor, 
substantial amounts of radioactivity were found in both 
nucleic acid adenine and nucleic acid guanine. In this 
case 100 pl of incubation mixtures was transferred to 
120 ml glassaiampules containing 5 Ud of 4,.2°>M perchiloric 
acid, the acid insoluble precipitate was washed four times 
withire 0Osmimor, 0.4 Meperchlonicyacid, dried in, vacuo, and 
to each ampule 100 yl of 1.0 N HCl was added. The ampules 
were sealed and placed in a boiling water bath for 60 min 
tov hydrolyze the» nucleic acids. Portions of the hydroly- 
sates (50 yl) were chromatographed on Whatman No. 1 paper 
with carrier adenine and guanine for 5.5 hr (descending) 
with methanol, formic acid and water (70:15:5). Adenine 
and guanine spots having Ry values of 0.61 and 0.43 re- 
spectively, were cut out and their radioactivity measured. 

Chromatography of the acid-soluble extracts was 
also performed on a Varian-Aerograph LCS-1000 liquid 


chromatograph utilizing 20 yl of extract per analysis. 
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Acid-soluble nucleotides were separated utilizing a linear 
gradient of potassium phosphate and potassium chloride at 
pH 4.5, as deseribed by Brown ("70). Amounts of individual 
nucleotides were determined by comparing the peak areas, 
measured by planimeter, with a series of standards of 


commercial nucleotides. 


ANALYSIS AND RESULTS 


Non-saturating precursor concentration: kinetic analysis 
Crabtree ('70) has shown that nucleotide synthe- 
sits in Ehrlich gascztes tumor cells is proportional ‘to 
adenine or guanine concentrations from 1 to 100 uMand also to 
hypoxanthine concentration from 1 to 50 uM, nucleotide 
synthesis becoming saturated between 50 and 100 uM hypo- 
xanthine. In the present study it has been shown that 
nucleotide synthesis from hypoxanthine in Ehrlich ascites 
tumor cells was saturated between 60 and 70 uM hypoxanthine 
(Fig. 1). A concentration of 50 uM adenine, guanine and 
hypoxanthine was chosen, so that the precursor concentration 
was less than the saturation level for base uptake by the 
cell and conversion to nucleotide; thus the proportionality 
between rate of nucleotide synthesis and substrate concen- 


tration was maintained throughout the experiment. Although 
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Figure, 1.. Acid soluble nucleotide synthesis from 
hypoxanthinet Cx 


Incubation time: 20 min 
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there may be a small amount of endogenous purine base 
formation during the course of an experiment (Crabtree 

and Henderson, '71lb), free purine bases are not detectable 
in Ehrlich ascites tumor cells (Murray, '66). Thus a 
kinetic model in which the specific activity of the pre- 
CUurSOE "1S constant Is"applicable™to this study of purine 
nucleotide synthesis and interconversion. 

The ssum of thevtotal amount of radioactivity in 
precursor and products was measured and remained constant 
throughout these experiments and the kinetic analysis is 
based on the conservation of the total radioactivity in 
the system. The conversion of purine bases to nucleoside 
triphosphates is proposed to follow a first order consecu- 
tive reaction with appropriate branch points. A set of 
differential equations may be written for each of the reac- 
tions represented in Schemes 2, 3, and 4, and these equations 
may be solved by the operator method of Rodiguin and Rodi- 
Guia (64 o.. LOY). First torderm rate constants were 
determined from the rate of utilization of purine bases 
for nucleotide synthesis and the observed steady state 
concentrations of nucleoside mono- and diphosphates. The 
consecutive first order model was used to predict the rates 
of formation of the radioactive nucleoside triphosphates, 
ATP and GTP, and their derivatives, nucleic acid adenine 


and nucleic acid guanine. 
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Adenine-+4c as precursor 

The conversion of radioactive adenine to purine 
nucleotides was measured for 90 min; every 5 or 10 min 
samples were taken and the radioactivity in individual 
purine ribonucleotides, ribonucleosides, and bases was 
determined. These transformations are proposed to follow 
a first order consecutive three-stage reaction with a branch 


point from the first product, AMP (Scheme 2). 
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SCHEME 2 


The rate of utilization of ndewines: followed the first 
order relationship -dA/dt = Kiar the solution to which is 
Pon eg alee where A° is the initial concentration of 
adenine and A is the concentration of adenine at time t. 
The slope of the plot of log A versus time (Fig. 2) gave 
k, ,=0.05960.0057 min” (mean + average deviation from the 
mean) . 

The second step rate constants Koy and k were 
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determined from the following two relationships: 
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Initial precursor concentration: 50 uM 
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(i) the ratio on oan! represented by the sum of radio- 
active products along either branch of the pathway, 
should remain constant with respect to time and may 


therefore be represented by: 


[1] ry ie ADP+ATP+NAD+Nucleic acid adenine . 
Koan IMP+XMP+GMP+GDP+GTP+HR+H+GR+G+XR+X+Uric Acid 


(ii) The rate of formation of AMP is given by dAMP/dt = 


k A- k_ AMP - k AMP and at steady state concentra- 
1A 2A 2AH 


tions of AMP, where dAMP/dt = 0, 
k ane 
[2] Koa + Koan “ene 
AMP 
mMAMP . : F 
where AMP is the maximum concentration of AMP and 
mAMP : : reer shan 
A the concentration of adenine when AMP initially 


attains its maximum value, after the method of Rodiguin 
and Rodiguina ('64, p. 87). 
The radioactive AMP pool reached a steady state 
Value of 7 nmoles/g after ,5 min Ofsincubation (Fig. 3), at 
which time the labelled adenine concentration was 1640 
nmoles/g. The ratio Ka oan was 68+13 over the 90 min 


course of the experiment. Application of equations [1] and 
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Figure 3. Concentrations of radioactive AMP and ADP. 
Precursor: adenine-!4c, 50 uM initial 
concentration 


(A) AMP 
(O) ADP 
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The formation and further phosphorylation of ADP 
may be represented by dADP/dt = KAMP = k,,ADP, and at 


the steady state, dADP/dt = 0, or 


[3] k =e A 


mADP 


where AMP is the concentration of AMP when ADP initially 


attains its maximum value and App De 


is the maximum concen- 
tration of ADP. 

The third step constant Ken was calculated from 
the steady state concentration of radioactive ADP, 77.6 
nmoles/g, which was attained after 15 min incubation at 
which time the concentration of radioactive AMP was 8.9 
nmoles/g (Fig. 3). Substitution of these values into equa- 
tion 3, gave Ken =st7622 2 2056 min !, The solution to all 
rate constants of Scheme 2 has thus been obtained and these 
are given in Table l. 

Application of the transformed function method 
of Rodiguin and Rodiguina ('64, p. 109) to the set of dif- 
ferential equations defining Scheme 1, gave equation [4]. 
The formation of labelled ATP and its products is predicted 
by equation [4] if the rate constants of Table 1 and the 
initial concentration of adenine, aA° = 2414 nmoles/g, are 


substituted into equation [4]. The theoretical curve for 
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Table 1. Rate constants of adenine metabolism 


Rate Constant 


Reaction ete 

A——>AMP Kia = 0.0596 + 0.0057 
AMP——»ADP Lor =_03. OS (154 
AMP——>IMP use 0.20 + 0.06 
ADP———*ATP k Senden 62> «te -Oned6 
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EQUATION [4] 


O 2A Ne USAIN -(k__)t 
ATP =A e 1A 
Koat oan (Koa Konan Kia) (K3,7kyQ) 
KiaXoakaa St ome 
(oat Kaan) (Ky akon Koay) (Kaa Koa * oan! 
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Fagure 42 Concentration Of radioactive ATP and of ATP plus 
nucleic acid adenine. 
Precursor: adenine-l4c, 50 uM initial 
concentration. 


Solid curve was calculated from rate constants 
in Table 1. 

(A) ATP (dashed curve) 

(o) ATP plus nucleic acid adenine 
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ATP formation predicted by this model has been plotted in Fig- 
ure 4 together with experimental measurements of radio- 
active ATP and also the sum of labelled ATP, acid insoluble 
adenine and NAD, which are formed from ATP. The latter 
measurements are in good agreement with the theoretical 


Curve. 


; 14 
Guanizne— CC as precursor 
A first order three-stage consecutive reaction 
with primary and secondary branch points (Scheme 3) is ad- 


vanced as a model for the metabolism of guanine. 


te Koc K 36 


Ga GMP GDP GP 
1GX 2GH 


Xx IMP 
SCHEME 3 


From the rate of decrease in labelled guanine, the first 
branch point rate constants Fie and Je ks were determined. 


The rate of guanine utilization is given by -dG/dt = 


G° (k + Kk ), the solution of which is G = cent, s 
ike 1GX 


where G is the concentration of guanine at time t, Gras 


the initial concentration of guanine, and aig = kig t Ky ex: 


From the plot of log G versus time (Fig. 5) it may be seen 
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Figure 5%. Semi=log plot of guanine-1!4c Uae qiz ateon 


iintual precursor concentration: 50° UM. 
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that the plot is linear, but biphasic, having a different 
slope over the last 30 min. Eighty-six percent of the 
labelled guanine was utilized in the first 60 min, and the 
rate of guanine utilization over this period was used to 
establish a, = 0.0357 + 0.0017 min +. From 60 to 90 min, 


1G 


aig = 09-0877 + 0.0086 tn 


The rate of formation of xanthine and uric acid 


is given by dX/dt = k G, which has the solution: 


1Gx 
il 1 ities) ae 
Resuk Ce — - —e 1G 
“1Gx & ae | 
a 
Xx 1G 
[5] (ele k = ee ee 
TGx G° oe asgit 


where G° is the initial concentration of labelled guanine 

and &¢ is the concentration of xanthine plus uric acid at 

time t. Table 2 gives experimentally determined values for 
X, from which the constant Koos was calculated using equation 


[Sl sto ube, 0.0056 2 0.0008 eee over the initialr70 min of 


the course. Since a,, = 0.0357 min +, leyeetSk theretore 
0.0301 + 0.0025 min ?. 
The second stage rate constants Kee and an were 


evaluated in a manner similar to the evaluation of the rate 
constants Kon and Kan? Thus the two applicable equations 


are: 
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Table 2. ‘Xanthine (and Urici\acid formation from guanine 


and hypoxanthine* 


Guanine as Hypoxanthine 


precursor as precursor 
Time Xanthine plus Uric Acid 
(min) (nmoles/g) 
5 56 4.0 
10 87 Wires 
5 AEBS) L335 
20 V5.7, 20.2 
30 229 26:0 
40 27.8 40.9 
50 329 45.1 
60 386 41.9 
70 448 44.1 
80 465 ai 
90 436 49.5 


* Cells were incubated with 50 UM guanine-!*c eye 
hypoxanthine-t4c¢ and radioactivity in products 


measured at various times. 


BioA vist eulg enkdanex 
(p\sefommn). | 


25% 


[6] Ko ™ GDP+GTP+Nucleic acid guanine : 
2GH IMP+AMP+ADP+ATP+NAD+H+HR+A+AR 
mGMP 
[7] Poet Jieegay ce 
2G 2GH mGMP 
GMP 
| mGMP . : : : 
where G is the concentration of guanine at the time when 
GMP initially attains its maximum value, and cup ot is the 
maximum value of GMP. The ratio a Sere was found to be 


330 tuosovers the flrst.60 min and 16.9 + O07 from 60 to 90 

min. A value of 6.4 nmoles/g, attained after 10 min incu- 
bation, was chosen as the maximum concentration of radioactive 
GMP for the purpose of these calculations*; at this time the 
labelled guanine concentration was 1652 nmoles/g. Substi- 
tution of these values in equations [6] and [7] gave kK, = 


G 
7.54 + 0.62 min? and Koon = ieee ted 06 min-* 
| The third step constant K 36 was obtained from the 
steady state value of GDP, 30.6 nmoles/g, at 30 min, at which 
time the labelled GMP concentration was 9.1 nmoles/g (Fig. 6), 


and equation [8], which is analogous to equation [3]. 


* The earliest maximum in GMP (10 min) and GDP (30 min) 
concentrations (Fig. 6) were taken as approximate steady 
state concentrations for the calculation of rate constants; 
although there was considerable fluctuation in the concen- 
trations of these nucleotides, their mole percent of the 


total labelled purines remained relatively constant. 
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Concentrations of radioactive GMP and GDP. 


Precursor: guanine-!4c, 50 uM initial 
concentration. 

(A) GMP 

(o) GDP 
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he GmpmGDP 
[8] K36= “< GDP 
cpp™ 
mGDP . ' ; 
GMP is the concentration of GMP at the time when GDP 
ners : . ; mGDP ., 
initially attains its maximum value, and GDP is the 


maximum concentration of GDP. Solution of equation [8] 
gave re = 2.24 £ 0.18 min !, The rate constants for 
Scheme 3 are tabulated in Table 3. 

By solving the differential equations defining 
the reactions of Scheme 3, the following solution (equa- 
tion [9]) was obtained for GTP formation from guanine. 
Substitution of the rate constants given in Table 3 and 
the initial concentration of labelled guanine, G°=2168 
nmoles/g, into equation [9] gave the plot of GTP formation 
shown in Figure 7. The experimentally measured GTP 
accumulation over 90 min is also shown, together with the 
values for GTP plus acid insoluble guanine; the latter 
measurements are in good agreement with the theoretical 


curve. 


Hypoxanthine-8-!“c as precursor 
The model proposed for hypoxanthine metabolism 
is a first order consecutive four-stage reaction with pri- 


Mary and secondary branch points (Scheme 4). 
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Table 3. Rate constants of guanine metabolism 


Rate Constant 


Reaction Gaine 


G——> GMP Kig = 0.0301 440.0025 

G——>X ees 0.0056 = 0.0008 
GMP——> GDP Kg = 7.594% 0-62 
GMP——> IMP cna On 237 20506 
GDP——-> GTP k Si 2iiee | 20. 18 
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Figure 7. “Concentration of radioactive’ GTP andor GTP*plus 


nucleic acid guanine. 


Precursor: guanine-l4c, 50 uM initial 
concentration. 

Solid curve was calculated from rate constants in 

Table 3. 

(A) GTP (dashed curve) 

(o) GTP plus nucleic acid guanine 
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The conversion of hypoxanthine to other products 
is given by -dH/dt = (Kia + k )H°, the solution of which 


is H = H°e , where H is the concentration of the pre- 


cursor hypoxanthine at time t, H° is the initial concentra- 


tion of hypoxanthine, anda =k ae ie From measure- 


1H 1H 1HX* 


ments of the rate of utilization of radioactive hypoxanthine, 


(Figs 8), the constant as, was found to be 0.0543 + 0.0046 
id 


min - The constant noe was evaluated by substituting 
values for xanthine and uric acid formation at various time 
intervals (Table 2) into equation [10] which is analogous 


to equation [5]: 


X 1H 
[10] Koux = Ses a ae 
1HX 4° ee (aia e 


where X is the sum of uric acid and xanthine concentrations 


at time t, and H° is the initial concentration of hypoxanthine, 
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2434 nmoles/g. Values of the accumulation of xanthine and 
uric ‘acid over the initial 50 min of incubation were used 


ing calculating pa Since there was no further xanthine 


formation after this period; re was 0.0007 + 0.0002 min * 


and the rate constant Koa was therefore 0.0537 + 0.0048 
= =] 
men oe 
The rate of formation of IMP is given by 


GIMP/dt = KH - en + Koc) IMP- The steady state con- 
dition dIMP/dt = O, approximates the maximum concentration 
of IMP. Inosinate reached a maximum concentration 
(IMpMIMP , . ‘ . . 

of 24.6 nmoles/g after 5 min incubation (Fig. 9), 


at which time the concentration of hypoxanthine Ce 


/k 


fined by equation [il], was 5.29 2 0721 and substitution 


) 


was 1940 nmoles/g (Fig. 8). The ratio, k as de- 


DHA <2HG" 


into equations [11] and [12] gave Loe = 3,560 e425 min’ 


.-l 
= a0 
and ene 0.67 CFOS Man. 2. 


te 
oe KoHA sa AMP+ADP+ATP+NAD+Nucleic acid adenine+AR+tA 
Kee GMP+GDP+GTP+Nucleic acid guanine+G+GR 
e mIMP 
re eine “auGenineee ATM 
IMP 


The intermediates in the conversion of IMP to 
GMP and AMP have been omitted for the simplification of 


the kinetic analysis. Other experiments (Crabtree and 
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Precursor: hypoxanthine-!4c, 50 UM initial 


concentration. 
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Henderson, '7la) have indicated that adenylosuccinate does 
not accumulate under the conditions of these experiments. 
Xanthylate concentrations were routinely determined and 
found always to be lower than IMP concentration; the max- 
imum concentration of XMP was 15 nmoles/g. MThus the 
conversion of IMP to AMP represents the sum of reactions 
catalyzed by adenylosuccinate synthetase (EC 6.3.4.4) and 
adenylosuccinate lyase (EC 4.3.2.2); and the conversion of 
IMP to GMP represents the sum of reactions catalyzed by 
IMP dehydrogenase (EC 1.2.1.14) and GMP synthetase 

(EC 6.3.5.2). Apparently the first enzymatic reaction of 
eachy branch point is rate Limiting. 

Rate constants for the nucleoside mono- and 
diphosphate kinase reactions have already been determined 
using adenine and guanine as radioactive precursors. The 
steady state concentrations of AMP and ADP were similar 
for either hypoxanthine or adenine as precursor and the 
steady state concentrations of GMP and GDP were nearly equi- 
valent for either hypoxanthine or guanine as precursor. 

By substituting the appropriate constants from Tables 2, 
3, and 4 and the initial concentration of hypoxanthine, 
H° = 2434 nmoles/g, into the symmetrical equations [13] 
and [14], the rate of formation of ATP plus nucleic acid 
adenine, and of GTP plus nucleic acid guanine was pre- 


dicted. The product accumulation predicted by the model 
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Table 4. Rate constants of hypoxanthine metabolism 


Reaction 


H——» IMP 
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IMP——» AMP 


IMP——» GMP 
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Figure 10. Concentration of radioactive ATP and of ATP plus 
nucleic acid adenine 


Precursor? hypoxanthine-l4c, 50 WMSinitval 
concentration. 

Solid curve was calculated from rate constants 

in Tables 1 and 4. 

(A) ATP (dashed curve) 

(o) ATP plus nucleic acid adenine 
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Figure 11. Concentration of radioactive GTP and of GTP plus 
nucleic acid guanine 


Precursor: hypoxanthine-l4c, a0 uM anitral 
concentration. 

Solic curve was calculated from rate constants 

in Tables 3 and 4. 

(A) GTP (dashed curve) 

(o) GTP plus nucleic acid guanine. 
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together with experimentally measured values are given 


in Figures 10 and 11. 


Total acid-soluble nucleotides 

The total acid soluble nucleotide profile of 
cells incubated with 50 uM adenine over a 60 min time 
course was examined to determine whether the measurements 
of radioactive nucleotides considered above were represen- 
tative of the total nucleotide concentrations within the 
cell. Total acid-soluble and radioactive adenine nucleo- 
tides are compared in Table 5. Although nucleoside 
monophosphate concentrations were too small to be quanti- 
tatively measured by liquid chromatography of cell extracts, 
the concentrations of AMP, IMP and GMP were less than 100 
nmoles/g in these experiments. The concentration of 
radioactive AMP also remained low, attaining its steady 
State concentration fafter 5 min jincubations The concen-— 
tration of ADP (Table 5) rose to a maximum of 533 nmoles/g 
in 15 min, then dropped to a constant value of approximately 
420 nmoles/g between 30 and 60 min incubation. The concen- 
tration of radioactive ADP also followed this pattern, 
attaining a maximum level in 15 min, and remaining essen- 
tially constant jup to,90 min of incubation (Tablee5 «and 
Fig. 3). The close correlation between total and radio- 


active ADP concentrations may be taken as indirect evidence 
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that radioactive and non-radioactive pools are mixed and 
that the radioactive nucleotides are representative of 

the total nucleoside mono- and diphosphate concentrations. 
It is also clear from the concentration of ATP reported 

in Table 5, that there is de novo synthesis of adenine 
nucleotides during the course of the incubation, since the 
radioactive ATP concentration does not account for the 


increase in total ATP, particularly at 15 and 30 min. 


Saturating precursor concentration 

Nucleotide synthesis from a saturating concen- 
tration (1.0 mM) of adenine and hypoxanthine was also 
studied in Ehrlich ascites tumor cells. During the course 
of these experiments the concentration of the purine base 
precursor remains essentially constant. 

Nucleotide synthesis from 1.0 mM adenine as 
shown in Figure 12, was linear from 30 to 90 min and the 
rate of nucleotide synthesis during this period was 49.2 + 
4.2 nmoles/g per min. Nucleotide synthesis from 1.0 mM 
hypoxanthine, as shown in Figure 13, was also linear from 
30 to 90 min and the rate of nucleotide synthesis was 24.2 + 
1.5 nmoles /g per min during this period. The formation 
of AMP, as represented by the sum of radioactivity in 
AMP, ADP, ATP, NAD and nucleic acid adenine, is also given 


in Figure 13. The rate of AMP synthesis paralleled that 
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Figure 12. Nucleotide synthesis from 1.0 mM adenine-!4c 
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Total nucleotide and adenine nucleotide synthesis 
trom 1.0 mM hypoxanthine-1l4c 


(o) Total nucleotides 
(aq) Adenine nucleotides 
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Figure 14. Guanine nucleotide synthesis from 1.0 mM 
hypoxanthine-~“C 
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Of LOtalenucleotide. synthesis, havingsa rate of 24.1 4 2.7 

nmoles/g per min during the linear period from 30 to 90 min. 
The rate of GMP synthesis, which is the sum of 

radioactivity in GMP, GDP, GTP and nucleic acid guanine, 

is given in Figure 14. The rate of GMP synthesis from 30 

to 90 min was 3.2 + 1.1 nmoles/g per min. The ratio of the 

rates of AMP and GMP synthesis from hypoxanthine, 24.1/3.2 = 

7.5 + 3.4, is higher than the ratio of the rate constants 

for these reactions determined at non-saturating substrate 


concentration, Koad Souc SMA D ke MOPAR 


DISCUSSION 


The processes of purine ribonucleotide synthesis 
and interconversion in intact cells are amenable to kinetic 
analysis by using a single labelled precursor which may 
be taken up by the cell and converted to nucleotides. The 
theoretical rates of nucleoside triphosphate synthesis, 
predicted by the first order model (Scheme 1), were shown 
to be an adequate description of the synthesis from 
labelled precursors of radioactive ATP plus nucleic acid 
adenine and GTP plus nucleic acid guanine. The model re- 


quires’ thatsthe ;precursor,concentration, be less than -the 


saturation level for base uptake by the cell and conversion 
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to nucleotide product, so that the proportionality between 
rate of nucleotide synthesis and substrate concentration 
is maintained. The specific activity of each base precur- 
sor was assumed to remain constant. Rate constants for 
all of the reactions in Scheme 1 have been obtained. 

The analysis of reactions having a common sub- 
strate, assesses the relative activity of alternate 
enzymatic reactions in the cells. The formation of IMP 
from AMP was only a fraction of that converted to ADP and 


ATP, as represented by the ratio k = 68. Similarly 


2a/* oan 


the formation of IMP from GMP was a small fraction of the 


conversion of GMP to GDP and GTP, k 337 although 


26/Kocu = 
in the last 30 min this ratio assumed the value of 16.9 
indicating that a greater proportion of GMP was being con- 
verted to IMP. Activities of the respective nucleoside 
monophosphate kinases were thus effectively greater than 
the activities of adenylate deaminase (EC 3.5.4.6) or guany- 
late reductase (EC 1.6.6.8). 

Comparison of the rate constants for the deamina- 
indi- 


tion of AMP,k and conversion of IMP to GMP, k 


2AH 2HG. 


cates that for equivalent substrate concentrations, the 
former reaction would be rate limiting. Also the rate 
constants for GMP conversion to IMP, Ly and conversion 
Of-IMP? to. AMP © Kk , suggest that the conversion of GMP to 


2HA 
adenine nucleotides is limited by GMP reductase (EC 1.6.6.8) 
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activity. These results are in agreement with the semi- 
quantitative findings of Crabtree and Henderson ('7la). 

An estimation of the relative use of hypo- 
xanthine and guanine as precursors of xanthine and uric 
acid may be obtained by comparing the rate constants for 
hypoxanthine-guanine phosphoribosyltransferase (EC 2.4.2.8), 
k and Koc Withee those. forexanthinenoxidase. (ECals243 42) , 


1H 


k and for guanine deaminase (EC 3.5.4.3), k 


PHS The 


1Gx° 
fraction of hypoxanthine which may be oxidized to xanthine 
relative to its conversion to IMP is given by: 

Kony/ Kyu + Koay) =.0,013 -.e5imiLacky thesfraction ofegquanine 
which may be deaminated to xanthine, also relative to its 
conversion to nucleotides, is given by: k 


/(Ks 6 +ak ) 


1GX 1GX 


0.157. Comparison of these ratios indicates that at equal 
rates of hypoxanthine and guanine formation in the cell, 
guanine would be a better precursor of xanthine and uric 
acid than hypoxanthine by a factor of 12. 

Interesting differences have been observed be- 
tween the rates of nucleotide synthesis at 50 UM purine base 
concentration calculated from first order rate constants 
and the rates of nucleotide synthesis at saturating base 
concentrations. The rate of nucleotide synthesis from 50 
uM adenine is given by -dA/dt = k,,A, or 149 nmoles /g per 
min, whereas the steady state rate of nucleotide synthesis 


from 1.0 mM adenine was only 49.2 nmoles/g per min. 
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Similarly, the rate of nucleotide synthesis from 50 UM 
hypoxanthine (given by alte was 134 nmoles/g per min, 
whereas the steady state rate of nucleotide synthesis 

from 1.0 mM hypoxanthine was 24.2 nmoles/g per min. These 
results suggest that in Ehrlich ascites tumor cells, after 
the first 30 min of incubation, nucleotide synthesis from 
saturating concentrations of purine bases was limited by 
factors not expressed at non-saturating precursor concentra- 
tions. Furthermore, at saturating precursor concentrations, 
the rate of AMP synthesis from hypoxanthine, 24.1 nmoles/g 
per min, was limited by the rate of conversion of hypo- 
xanthine to IMP, 24.2 nmoles/g per min. Since the rate of 
AMP synthesis from IMP was almost the same as the rate of 
IMP synthesis from hypoxanthine, the rate of GMP synthesis 
from IMP is relatively independent of the rate of AMP 


formation from IMP. 
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CHAPTER: 3 


INHIBITION OF PURINE METABOLISM — COMPUTER- 


ASSISTED ANALYSIS OF DRUG EFFECTS 


Dian 


INTRODUCTION 


Purine ribonucleotides are essential for cell 
growth and function, and the pathways of their synthesis 
and conversion have proven to be fruitful areas of chemo- 
therapeutic attack. Although the effects of drugs on path- 
ways or groups of enzymes of purine metabolism can be 
measured relatively Gasily in intact cells in vitro or in 
Vivo, tire determination Of effects Of drugs on individual 
enzymes in such complex systems is much more difficult. 

We report here an analytical procedure by which the effects 
of drugs on the apparent rates of several individual en- 
zymes of purine metabolism may be determined. The analysis 
has been facilitated by the use of a suitable computer 


program written in the APL/360 language. 


METHODS AND RESULTS 


Experimental system 
In order to investigate the effects of drugs on 
a wide range of enzymes of purine ribonucleotide synthesis 


14 


and interconversion, hypoxanthine-8-"C (52.0 mCi/mmole, 


Schwarz BioResearch) was employed as precursor and its 
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metabolic transformations were examined. The routes of 


hypoxanthine metabolism which were studied are shown in 


Scheme I. 
Hypoxanthine 
1 
2 2 5 6 
AMP<———-( AMPS) LMP ——__>xMP—— > GM 
3 7 
ADP GDP 
4 8 
ATP (+NAD) GTP 
Scheme I. Routes of hypoxanthine metabolism. 


Ehrlich ascites tumor cells were collected and 
diluted in Fischer's medium modified to contain 25 mM phos- 
phate buffer, pH 7.4, without bicarbonate, to make a 2.5 
per cent cell suspension by volume. The tumor cell sus- 
pension (80 y1), additional medium (5 ul) and test compounds 
(10 pl, 1 mM final concentration) were incubated in small 
plastic’ tubes"(10"°k° 755mm, Falcon Plastics) for 20°min’at 
37° with shaking. Hypoxanthine-74c was then added (5 ul, 
0.1 mM final concentration) and the incubation continued. 
After 60 min, 5°120£f°4°2eM>cold*perchloric® acid was added 


to each tube and the cell extract was neutralized by the 
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addition of 5 ul of 4.42 M KOH. Samples were chilled, 
centrifuged and 10 ul of the supernatant was spotted for 
chromatography. 

Purine ribonucleotides were separated by thin- 
layer chromatography on polyethyleneimine-cellulose 
according to the method of Crabtree and Henderson (1). 

The amount of radioactivity in the following purine nucleo- 
tides was measured: GTP, ATP, GDP, ADP, GMP, XMP, IMP, AMP 
and NAD. Results of duplicate measurements were averaged. 

Adenylosuccinate (AMPS) was not isolated and hence 
the adenylosuccinate synthetase and adenylosuccinate lyase 
reactions are not distinguished. Previous studies (1) have 
suggested that the former is rate limiting for the conver- 
sion of IMP to AMP. 

Ehrlich ascites tumor cells were incubated for 
60 min in modified Fischer's medium with 100 UM hypoxanthine- 
ete) in the presence and absence of drugs. Under these con- 
ditions 82.6 per cent of the radioactivity was converted to 
nucleotides, 1.6 per cent was oxidized directly to xanthine 
plus uric acid, 0.8 per cent was converted via nucleotides 
to other purine bases and ribonucleosides, 11.8 per cent 
was converted to acid-insoluble material and 3.2 per cent 
remained as hypoxanthine. 

Both because the screening efforts have been di- 


rected primarily to reactions of ATP and GTP synthesis from 
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hypoxanthine and because the amounts of radioactivity in 
bases and nucleosides were so small, the latter have been 
ignored in this analysis. As a simplification, the radio- 
activity in the acid-insoluble fraction (nucleic acids) de- 
rived from ATP and GTP has also not been included in this 


analysis. 


Enzyme rates 

The apparent rate of each of the enzymic reactions 
illustrated in Scheme I is taken to be represented by the sum 
of the radioactivity in all ribonucleotides which occur fur- 
ther along the pathway. Thus reactions 1-8 in Scheme I are 
represented by the arithmetic sums which are shown in Table I. 
‘The enzyme names employed in Table I correspond to the meta- 
bolic processes measured and are not necessarily intended 
to imply the involvement of only one enzyme. For example 
"ADP kinase" represents total ATP formation from ADP. 

In addition, three other parameters of purine 
ribonucleotide metabolism were computed. The ratios of 
radioactive nucleoside triphosphate (ATP and GTP) to their 
respective mono- and diphosphates gave a measure of what may 
be called the "energy status" of the radioactive adenine 
and guanine nucleotide pools. The relative rates of con- 
version of IMP to adenine and guanine nucleotides were also 


calculated. These functions are shown in Table 2. 
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Table 1. Summations representing apparent rates 


of enzymatic processes in Scheme I 


Process Enzyme system 

1 Hypoxanthine phospho- 
ribosyltransferase 

2 AMPS synthetase plus 
lyase 

3 AMP kinase 

4 ADP kinase 

5 IMP dehydrogenase 

6 GMP synthetase 

ui GMP kinase 

8 GDP kinase 


Summation 


ATP+ADP+AMP+NAD+ 
GTP+GDP+GMP+XMP+IMP 
ATP+ADP+AMP+NAD 
ATP+ADP+NAD 

ATP+NAD 
GTP+GDP+GMP+XMP 
GTP+GDP+GMP 

GTP+GDP 


GTP 
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Table 2. 


metabolism 


Parameter 


Adenine nucleotide energy status 
Guanine nucleotide energy status 


Adenine/Guanine nucleotides 


Additional parameters of purine ribonucleotide 


Function 


ATP + (AMP+ADP) 
GTP + (GMP+GDP) 


(ATP+ADP+AMP+NAD) + 
(XMP+GMP+GDP+GTP) 
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Commutation of enzyme rates 

While it is possible to compute the apparent 
rates of the various enzymes illustrated in Scheme I by 
use of manual techniques, the advantages of accuracy and 
speed which accompany a computer-assisted analysis sug- 
gested that the latter approach would be more valuable. 
The program was written in APL/360, a terminal-oriented 
language devised by Iverson (2); the computer used was an 
IBM 360/67. The program first requests input of an iden- 
tification number by which the drug being tested may be 
recorded on the print-out; control data are identified by 
the numeral 1. The values of the radioactivity in GTP, 
ATP, GDP, ADP, GMP, XMP, IMP, AMP and NAD are then entered 
for control and drug-treated cells. Any number of different 
drugs may be tested against a single set of control values 
in a Single run. Any units may be employed for the quan- 
tities of the different nucleotides (counts per minute, 
micromoles per gram of cells, etc.) provided that the method 
of expressing the results is consistent within any given 
run. 

As an example of the use of these procedures, 
Table 3 gives the apparent rates of enzymes of hypoxanthine 
metabolism in cells incubated in the presence and absence 
of mycophenolic acid, a known inhibitor of IMP dehydrogen- 


ase (3). 


ne ae 7 7 
a 7 
282 
1 : - ; 
_ 
a ean ee 
» (eset amysne 10 walge a a ss) 
_ ae 
son%teaqe ait saurinos a sidiaaod ei af eckan a 


yi I smetio®? mi bederseelie semysns euoizev ea 
bie youtdosée Io. aspeJnsvbs and ,ssupinioss Lewin 06 
-pur aceyftas beteizes-iesugmoD = YAsQMOUTS toitw bees 2 
oidepled srom s@ bidew dosoxqys asael siz ters bos 
bejdeize ale 6 ,OD€\dHA nt netotiw BAW mstpotq of 
os spw Sear ws2u ce ait +({S) noerevi yd besiveh spay 
-~yabi as to 4uqni etBoupet 2a7f7 MET ROTG sit FaNOat gl: 
ed yem are ea al “th aft cdoitw yd x1sdmon goissoltis | 
yi beitisnebl 21s stab Lorine -tuo-Jaiiga sdf no rs: 

- 
7) at vtivicosorbsy Shs 3e eaplsy ear a A Iexomun oct . 
borsthe nai ete GAY bre IMA~.IMT ,aMx \Gie SGA 1409 9 at 4 
tnsyeitib 15 ; Yodinun vot .@Lies herssiti-grab bas lortnoo 10" 7 
eseuievy Idy4anon te Sea Sipnie Ss tenieps betray od- yan epexb 
wy 


. 7 i 
-~nenp aft ror boyolqme Sd ysm etinn QAA «ovr sipate s at 
i 


a * 
,Ssagnim seq etmvoo) asbitosingn sonersst ip ent 20 28 323 
podtean ott t&:fo bebivera (028, efleo te netp req eetome | 
navip yas cidziw sustetenos @t etieest ony pakesorey 9; 

7 


,2eivbapory eeads to 980 iad to sigma am 8A: 7 
snirtaswogyA to eamyane to sate anoxsags st | . pt # it 
sonmmads ns Sorse9 1G aig nt beteauont elise , . 


~aapoxbydeb MI 2o ‘oni ink moon bive 9 


2 e 


7 ee 


Table 3. The apparent rates of enzymes and parameters 


of purine metabolism oe 


Control cid 
Parameter (counts /min) (counts /min) 

Hypoxanthine phospho- 

ribosyltransferase 11473 12174 
AMPS synthetase plus 

lyase 9271 10507 
AMP kinase 8867 10242 
ADP kinase 7998 9265 
IMP dehydrogenase 1055 137 
GMP synthetase 972 108 
GMP kinase 835 86 
GDP kinase 702 38 
Adenine nucleotide 

energy status 6.027 7.387 
Guanine nucleotide 

energy status 2.600 0.543 
Adenine/Guanine 

nucleotides 8.788 76.693 


a — 3 - 4 t . 1 - 
Cells were incubated with 100 uM hypoxanthine- C for 
60 minutes in the presence and absence of 1.0 mM 


mycophenolic acid. 
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Computation sof «fractional inhibition 

Fractional inhibition of each of the enzymes 
studied may be obtained by division of the apparent rates 
in the presence of the drugs by the corresponding control 
values. This process is also performed by the program and 
Table 4 shows the results of such calculations applied to 
eieedata Or lapjie> >, 

Inspection of these data shows that the primary 
effect of mycophenolic acid was inhibition of IMP dehydro- 
genase, the rate of which was approximately 10 per cent 
that of hypoxanthine phosphoribosyltransferase, the pre- 
ceding enzyme in the pathway (Scheme I). The enzymes 
synthesizing ATP from IMP have increased rates, which may 
be due to an increased availability of IMP for AMPS 
synthetase and lyase due to inhibition of the alternative 
pathway of IMP metabolism. The increased adenine/guanine 
nucleotide ratio also reflects inhibition of IMP dehydro- 
genase. These data also suggest that the conversion of 
GDP to GTP is significantly inhibited by mycophenolic acid, 
since the fractional rate of this process is about half that 


of the previous step. 


Computation of per cent inhibition 
The analysis applied above to the data of Table 4 


remains only semiquantitative because the apparent fractional 
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fable 4. ‘Fractional inhibition by mycopnenolic’ acid 


Parameter 


Hypoxanthine phosphoribosyl- 
transferase 


AMPS synthetase plus lyase 
AMP kinase 

ADP kinase 

IMP dehydrogenase 

GMP synthetase 

GMP kinase 

GDP kinase 


Adenine nucleotide energy 
status 


Guanine nucleotide energy 
status 


Adenine/Guanine nucleotides 


Mycophenolic acid 
(Fraction of control) 
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inhibition of any particular enzyme (except hypoxanthine 
phosphoribosyltransferase) is influenced by the rate of the 
enzyme(s) preceding it in Scheme I. Thus 90 per cent inhi- 
bition of IMP dehydrogenase leads to an apparent 90 per 
cent inhibition of GMP synthetase, GMP kinase and GDP kinase 
simply because there is little radioactivity in the guanine 
nucleotides due to the block in IMP dehydrogenase. This 
drawback is corrected in the next step of the program, 

which calculates the per cent inhibition of each individual 
process and compensates for inhibition of preceding steps 


in the pathways of metabolism. 
Per cent inhibition is given by: 


Bp _ 
ee [st 10.0bee (im-bievEe) 100 
£ 


where P is the per cent inhibition, f is the fractional 
inhibition of the process considered and £P is the frac- 
tional inhibition of the preceding process. The value of 

£P for conversion of hypoxanthine to IMP is 1. The sequence 
of processes illustrated in Fig. I defines the choice of 
other £ values. The results of calculating per cent 
inhibition for the different enzymic processes are shown 

in Table 5. These data are obtained from Table 4 and re- 


present inhibition by mycophenolic acid. Negative values 
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Table 3}... Percent inhibition, by.mycophenolic acid 


Pencent 
Parameter Computation inhibition 
ee os Sse 
aac eoepane plus anes S06 Gee 
AMP kinase n- $333 | x 100 st SE, 
ADP kinase ja- 3-288] x 100 =0.3 
IMP dehydrogenase jn 92230 MG 37.7 
-061 
GMP synthetase jr 22] eG eas 
GMP kinase [ous aa 7g2 
GDP kinase fr- 9-054 7 100 a7 .6 
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for percentage inhibition represent augmented processes. 

It may be seen from Table 5 that the suggestions 
based on careful scrutiny in Table 4 are confirmed. IMP 
dehydrogenase is greatly inhibited by mycophenolic acid and 


there is, in addition, marked inhibition of GDP kinase. 


DISCUSSION 


Studies of effects of drugs on purine metabolism 
in intact cells and tissues have gradually come to involve 
the measurement of radioactivity in more and more ribonu- 
eleotides; and Hill-et-al.,(4,5), for; example,. have recently 
done such measurements on from six to eight compounds. In 
most cases, however, it still has been found difficult to 
assign a drug effect to a specific enzyme on the basis of 
such results and even more difficult to determine its ef- 
fect quantitatively on a particular enzyme in the intact 
cell. 

The methods presented here for computation of 
apparent rates of enzymes in intact cells and of drug ef- 
fects, expressed in per cent inhibition of individual 
enzymes, appear to have overcome many of these difficulties. 
This procedure is sensitive to small changes in apparent 


rates of the enzymes involved, to weak effects of drugs 
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and the use of a terminal-operated computer for analysis 
of the data lends the added advantages of speed and con- 
venience. The data presented here for mycophenolic acid 
confirm previous reports (3) that it inhibits IMP dehydro- 
genase, but in addition it has also been shown to inhibit 
GDP kinase. This procedure has also been applied to 92 
purine analogues and derivatives (6). 

The relationship between the apparent enzyme 
rates, measured here on the basis of total radioactivity 
measurements and the true rates depends on such considera- 
tions aS mixing of radioactive and nonradioactive ribonu- 
cleotides and relative sizes of nucleotide pools and may 
vary for different reactions and in different cells. How- 
ever, other studies with Ehrlich ascites tumor cells 
(reference 1 and unpublished data) suggest that radioisotope 
flow from IMP to ATP and GTP is virtually equivalent to 
the observed changes in chemical composition of the 
triphosphate pools. 

Extension or modification of the experimental and 
computational methods could broaden the applicability of 
this approach. The consideration of radioactivity incor- 
porated into the nucleic acid fraction, derived from ATP 
and GTP, has proved valuable in some situations where the 
contribution of this fraction cannot be ignored. The 


analysis of drug effects in vivo is an important extension 
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of the study of drug effects in vitro and the methodology 

permitting such an analysis is being developed. Modifica- 
tion of the details of computation would also render this 

method applicable to screening programs using labeled 


purine nucleotide precursors other than hypoxanthine. 
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CHAPTER 4 


COMPUTER ANALYSIS OF PATHWAYS OF PURINE METABOLISM 
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INTRODUCTION 


An analytical procedure was presented in Chapter 
3 by which effects of drugs on apparent activities of 


14, metabolism 


several individual enzymes of hypoxanthine- 
can be determined. This basic procedure is here expanded 

to include additional enzymes of hypoxanthine-~ +c metabolism, 
a wide range of enzymes of adenine-"*c and guanine-!“c 
metabolism, and the reactions of atp-t4c catabolism. The 
calculations of apparent enzyme activities are based on 
measurements of radioactivity in purine bases, ribonucleo- 
Sides, ribonucleotides and nucleic acids; the computer 


programs which perform these calculations are written in 


APL/360, and are given here. 


METHOD OF ANALYSIS 


Unidirectional pathways of adenine- “C, hypoxan- 


thine-t4c, and guanine-*4c metabolism are shown in Scheme l. 
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RNA RNA RNA(A) RNA(G) RNA RNA 
A 
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ATP-> NAD Soe ATP -»>NAD GTP ATP-->NAD GTP 
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ADP GDP ADP GDP ADP GDP 
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Adenine metabolism Hypoxanthine metabolism Guanine metabolism 


Methods for the measurement of radioactivity in purine 
bases, ribonucleosides and ribonucleotides have been 
described (1), as have methods for measurement of radio- 
activity in nucleic acid adenine and nucleic acid guanine 
(Chapter 2). The apparent activities of each enzymatic 
reaction in Scheme 1 are represented by the arithmetic 
sums shown in Tables 1A, 2A, and 3A, for each precursor. 

In addition, other parameters of purine ribonu- 
cleotide metabolism were also computed, in particular the 
relative activities of processes having a common substrate, 
such as the ratio, AMP kinase/AMP deaminase. These addi- 
tional parameters are shown in Tables 1B, 2B and 3B. 

The calculation of apparent activities and addi- 
tional parameters of the enzymatic processes of Tables l, 
2, and 3, are computed by the programs AMETAB, HMETAB and 
GMETAB, which compute parameters for adenine, hypoxanthine, 
and guanine metabolism, respectively, and which are written 


in APL/360. The format for data entry into programs is 
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clearly specified in each program. 

In order to measure drug effects, or other varia- 
tions in incubation conditions, apparent enzyme activities, 
fractional inhibition, and percent inhibition of individual 
reactions of purine metabolism are calculated by the method 
presented in Chapter 3. When hypoxanthine is used as pre- 
cursor, the program HSCREEN performs the computations out— 
lined in Chapter 3 and program HSCREENNA is a modification 
which includes in the analysis radioactivity measured in 
nucleic acid adenine and nucleic acid guanine. When adenine 
is used as precursor, the program ASCREEN, which is an 
extension of AMETAB, computes these parameters from radio- 
activity measured in nucleic acid adenine, ribonucleotides, 


ribonucleosides and bases. 


Catabolism of ATP 

The catabolism of purine ribonucleotides has been 
investigated in this laboratory, and incollaboration with 
C. A. Lomax a computer analysis was developed which calcu- 
lates the enzymatic activities of the reactions of ATP 


catabolism shown in Scheme 2. 
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ATP catabolism 


SCHEME 2 


In a typical experiment, cells containing radio- 
active ATP were obtained by incubating them with adenine- 
Gs Cells were then washed and resuspended in a fresh 
medium which induced nucleotide breakdown (for example, 
catabolism can be induced by 2-deoxyglucose), and radio- 
activity in all the compounds of Scheme 2 measured over a 
time course. Coformycin was present in the catabolic phase 


of these experiments at concentrations that completely 


inhibited adenosine deaminase (2). 
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The apparent enzymatic activities of ATP catabo- 
lism are obtained from the arithmetic sums of radioactivity 
imenreducts given tineTableuwAy At ithecstart ofethescatabolic 
phase, radioactivity is present not only in ATP, but also 
other metabolites; thus the zero time apparent activities 
are subtracted from all subsequent activities. The ratio 
of activities having common substrates are calculated as 
shown in Table 4B. The program ATPCATAB, also written in 


APL/360, conveniently performs these calculations. 


DISCUSSION 


In Schemes 1 and 2 the solid arrows denote 
reactions through which pass significant amounts (roughly, 
more than 5% of that converted to nucleotides) of radio- 
activity derived from each of the precursors indicated. 
Reactions through which smaller amounts of radioactivity 
pass are indicated by dotted lines. For example, AMP 
deaminase activity may be measured using adenine as precur- 
sor, although the ratio of AMP deaminase to AMP kinase was 
1/68 in Ehrlich ascites tumor cells (Chapter 2), and little 
radioactivity was found in IMP and other compounds which 
were products of AMP deaminase. Enzymatic reactions invol- 


ving IMP, however, may be measured using hypoxanthine as 
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precursor, for example, IMP dehydrogenase and AMPS 
synthetase plus lyase; likewise, guanine may be used to 
measure GMP reductase. Thus by using one or more radio- 
active precursors a quantitative measure of the activities 
of virtually all of the individual enzymes of purine meta- 


bolism in intact cells may be obtained, 
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Table 1A. Summations representing apparent activities of 


enzymatic processes of adenine metabolism. 


Enzyme System 


Adenine phosphoribosyl- 
transferase 


AMP kinase 
ADP kinase 
RNA polymerase 


AMP deaminase 


IMP dehydrogenase 
XMP aminase 

GMP kinase 

GDP kinase 

AMP dephosphorylase 
IMP dephosphorylase 
XMP dephosphorylase 
GMP dephosphorylase 
HR phosphorylase 

XR phosphorylase 

GR phosphorylase 


Xanthine oxidase 


Summation 


AMP+ADP+ATP+NAD+RNA+ IMP+XMP+GMP+ 
GDP+GTP+AR+H+HR+X+XR+G+GRtUA 


ADP+ATP+NAD+RNA 
ATP+NAD+RNA 
RNA 


IMP+XMP+GMP+GDP+GTP+H+HR+X+XR+ 
G+GR+UA 


XMP+GMP+GDP+GTP+X+XR+G+GRtUA 


GMP+GDP+GTP+G+GR 


GDP+GTP 


GTP 


AR 


H+HR 


X+XR+UA 


G+GR 


X+UA 
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Table 1B. Additional parameters of adenine metabolism. 
Parameter Function 
Total 'A' nucleotides AMP+ADP+ATP+NAD+RNA 


Avenengy fstatus 


Total “GY nucleotides 


Geenéergy status 


A/G nucleotide ratio 


AMP kinase/AMP deaminase 


Total nucleotide cata- 
bolism 


Fraction nucleotide 
catabolism 


Fraction AMP catabolism 


Fraction IMP catabolism 


Fraction XMP catabolism 


Fraction GMP catabolism 


Fraction HR catabolism 


Fraction XR catabolism 


Fraction GR catabolism 
Fraction ATP incorpora- 
£i0n into nucleic 

acids 


ATP + (AMP+ADP) 
IMP+XMP+GMP+GDP+GTP 


GTP= (GMP+GDP) 


(AMP+ADP+ATP+NAD+RNA) = 
(GMP+GDP+GTP+XMP+IMP) 


(ADP+ATP+NAD+RNA) + (IMP+XMP+GMP+ 
GDP+GTP+H+HR+X+XR+G+GR+UA) 


AR+H+HR+X+XR+UA+G+GR 
(AR+H+HR+X+XR+UA+G+GR) +(AMP+ADP+ATP 
NAD+ RNA+ IMP+XMP+GMP+GDP+GTP+AR+ 
H+HR+X+X R+UA+G+GR) 


AR* (AMP+ADP+ATP+NAD+RNA+AR) 


(HR+H) + (H+HR+IMP+XMP+GMP+GDP+GTP+X+ 
XR+UA+G+GR) 


(X+XR+UA) + (X+XR+UA+XMP+GMP+GDP+GTP) 
(G+GR) + (G+GR+GMP+GDP+GTP) 

H+ (H+HR) 

(X+UA) + (X+UA+XR) 

G+ (G+GR) 


RNA+ (RNA+ATP+NAD) 
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Table 2A. Summations representing apparent activities of 


enzymatic processes of hypoxanthine metabolism. 


Enzyme System 
Hypoxanthine phospho- 
ribosyltransferase 

AMPS synthetase + lyase 
AMP kinase 

ADP kinase 

IMP dehydrogenase 
XMP aminase 

GMP kinase 

GDP kinase 

RNA polymerase 

AMP dephosphorylase 
IMP dephosphorylase 
XMP dephosphorylase 
GMP dephosphorylase 
AR phosphorylase 

GR phosphorylase 


Xanthine oxidase 


Summation 
IMP+AMP+ADP+ATP+NAD+XMP+GMP+GDP+ 
GTP+A+AR+HR+X+XR+G+GR+ RNA (A) +RNA(G) 
AMP+ADP+ATP+NAD+RNA (A) +AR+A 
ADP+ATP+NAD+RNA (A) 
ATP+NAD+RNA (A) 
XMP+GMP+GDP+GTP+XR+G+GR+ RNA (G) 
GMP+GDP+GTP+G+GR+RNA (G) 
GDP+GTP+RNA (G) 

GTP+RNA (G) 
RNA (A) +RNA(G) 
A+AR 


HR 


X+UA 
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Table 2B. Additional parameters of hypoxanthine metabolism. 


ee ee, ee ee en 


Parameter 


Punction 


Total 'A' nucleotides 
A energy status 
Tovaly Ge nucleotides 
G energy status 


A/G nucleotide ratio 


AMPS synth./IMP dehyd. 


HGPRTASE/X oxidase 


RNA/total NTP 


RNA(A) /ATP synthesis 
RNA(G) /GTP synthesis 


Total nucleotide 
catabolism 


Fraction nucleotide 
catabolism 


Fraction AMP catabolism 


Fraction IMP catabolism 


Fraction XMP catabolism 
Fraction GMP catabolism 
Fraction AR catabolism 


Fraction GR catabolism 


AMP+ADP+ATP+NAD+RNA (A) 
ATP: (AMP+ADP) 
XMP+GMP+GDP+GTP+RNA (G) 
GTP + (GDP+GMP) 


(AMP+ADP+ATP+NAD+RNA (A) ) + 
(XMP+GMP+GDP+GTP+RNA(G) ) 


(AMP+ADP+ATP+NAD+ RNA (A) +A+AR) = 
(XMP+GMP+GDP+GTP+XR+G+GR+RNA (G) ) 


(IMP+AMP+ADP+ATP+NAD+RNA (A) +XMP+ 
GMP+GDP+GTP+RNA (G) +A+AR+HR+XR+ 
G+GR) =(X+UA) 


(RNA(A)+RNA(G) ) + (ATP+NAD+GTP+ 
RNA (A) +RNA(G) ) 


(RNA(A) ) +(ATP+NAD+RNA (A) ) 
(RNA(G) ) =(GTP+RNA(G) ) 
A+AR+HR+G+GR+XR 
(A+AR+HR+G+GR+XR) +(IMP+AMP+ADP+ 
ATP+NAD+RNA (A) +XMP+GMP+GDP+GTP+ 
RNA (G) +A+AR+HR+G+GR+XR) 


(A+AR) +(AMP+ADP+ATP+RNA (A) +A+AR+ 
NAD) 


HR +(IMP+AMP+ADP+ATP+NAD+RNA (A) + 
XMP+GMP+GDP+GTP+A+AR+H R+G+GR+xX R+ 
RNA (G) ) 

XR +(XMP+GMP+GDP+GTP+G+GR+XR+RNA (G) ) 
(G+GR) +(GMP+GDP+GTP+G+GR+RNA (G) ) 

A =(A+AR) 


G +(G+GR) 
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Table (3A. 
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Summations representing apparent activities of 


enzymatic processes of guanine metabolism. 


Enzyme System 


Guanine phosphoribosyl- 


GMP 


IMP 


transferase 


kinase 
kinase 
polymerase 


reductase 


dehydrogenase 


AMPS synthetase + lyase 


AMP 


GMP 


kinase 
kinase 
dephosphorylase 
dephosphorylase 
dephosphorylase 


dephosphorylase 


AR phosphorylase 


HR phosphorylase 


Guanase 


Xanthine oxidase 


Summation 
GMP+GDP+GTP+RNA+IMP+XMP+AMP+ADP+ATP+ 
NAD+A+AR+H+HR+XR+GR 
GDP+GTP+RNA 
GTP+RNA 
RNA 


IMP+XMP+AMP+ADP+ATP+NAD+A+AR+H+HR+ 
XR 


XMP+XR 
AMP+ADP+ATP+NAD+A+AR 
ADP+ATP+NAD 

ATP+NAD 

A+AR 

H+HR 

XR 


GR 


X+UA 
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Table 3B. 
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Parameter 


Total 'G' nucleotides 
G energy status 
Total 'A' nucleotides 
Mbenergy “status 


G/A nucleotide ratio 

GMP kinase/GMP reductase 

HGPRTASE/guanase 

Total nucleotide 
catabolism 

Fraction nucleotide 


catabolism 


Fraction AMP catabolism 


Fraction IMP catabolism 


Fraction XMP catabolism 


Fraction GMP catabolism 


Fraction AR catabolism 


Fraction HR catabolism 


GIs 


Additional parameters of guanine metabolism. 


Function 


GMP+GDP+GTP+RNA 

GTP = (GMP+GDP) 
IMP+XMP+AMP+ADP+ATP+NAD 
ATP = (AMP+ADP) 


(GMP+GDP+GTP+RNA) + (IMP+XMP+AMP+ 
ADP+ATP+NAD) 


(GDP+GTP+RNA) + (IMP+XMP+AMP+ADP+ATP+ 


NAD+A+AR+H+HR+XR) 


(GMP+GDP+GTP+RNA+IMP+XMP+AMP+ADP+ 
ATP+NAD+A+AR+H+HR+XR+GR) + (X+UA) 


A+AR+H+HR+XR+GR 
(A+AR+H+HR+XR+GR) + (GMP+GDP+GTP+ 
RNA+IMP+XMP+AMP+ADP+ATP+NAD+A+ARt+ 
H+HR+XR+GR) 


(A+AR) + (A+AR+AMP+ADP+ATP+NAD) 


(H+HR) + (IMP+XMP+AMP+ADP+ATP+NAD+ 
A+AR+H+HR+XR) 


XR+ (XMP+XR) 


GR+ (GMP+GDP+GTP+RNA+IMP+XMP+AMP+ 
ADP+ATP+NAD+A+AR+H+HR+XR+GR) 


A+ (A+AR) 


H+ (H+HR) 


Fraction GTP incorporated RNA+(GTP+RNA) 


into nucleic acid 
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Table 4A. 


ATP 


ADP 


AMP 


80. 


Summations representing apparent activities of 


enzymatic processes of ATP catabolism. 


Enzyme System 


dephosphorylase 


dephosphorylase 


deaminase 


dehydrogenase 
aminase 
kinase 

kinase 


dephosphorylase 


AR phosphorylase 


IMP 


dephosphorylase 


HR phosphorylase 


XMP dephosphorylase 


XR phosphorylase 


X oxidase 


GMP 


dephosphorylase 


GR phosphorylase 


Summation 
ADP+AMP+IMP+XMP+GMP+GDP+GTP+A+AR+ 
H+HR+X+XR+UA+G+GR 


AMP+IMP+XMP+GMP+GDP+GTP+A+AR+H+HRt 
X+XR+UA+G+GR 


IMP+XMP+GMP+GDP+GTP+H+HR+X+XR+UAt 
G+GR 


XMP+GMP+GDP+GTP+X+XR+UA+G+GR 
GMP+GDP+GTP+G+GR 
GDP+GTP 


Gir 


H+HR 


X+XR+UA 
X+UA 
UA 


G+GR 
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Table 4B. Additional parameters of ATP catabolism. 


Parameter Function 
AMP dephosphorylase/ (A+AR) + (IMP+XMP+GMP+GDP+GTP+H+HRt 
AMP deaminase G+GR+X+XR+UA) 
IMP dephosphorylase/ (H+HR) + (XMP+GMP+GDP+GTP+G+GR+X+ 
IMP dehydrogenase XR+UA) 
XMP dephosphorylase/ (X+XR+UA) + (GMP+GDP+GTP+G+GR) 


XMP aminase 


AMP dephosphorylase/ (A+AR) = (H+HR) 
IMP dephosphorylase 
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CHAPTER 5 


PURINE NUCLEOTIDE SYNTHESIS IN SYNCHRONIZED 


LYMPHOMA L5178Y CELLS 


2)0) 15 


INTRODUCTION 


A delayed lethal effect of 6-mercaptopurine on 
cultured mouse lymphoma L5178Y cells has recently been 
reported, and it was concluded that the action of 6-mercapto- 
purine is dependant on macromolecular synthesis (1). Con- 
sistent with this suggestion is the observation that 
6-Mercaptopurine exhibits Lts EOxicity primarily during 
the S-phase of division of synchronized lymphoma L5178Y 
cells (A. R. P. Paterson, personal communication). However, 
it was of interest to examine the possibility that this 
cell cycle specificity of 6-mercaptopurine might also be 
related to variations in the activities of enzymes of purine 
metabolism or of concentrations of purine nucleotides 
through the cell cycle. As there was very little informa- 
tion available regarding such variations in intact mammal- 
ian cells, various aspects of purine metabolism were there- 


fore examined using synchronized lymphoma L5178Y cells. 


MATERIALS AND METHODS 


Cell cultures 
Mouse lymphoma L5178Y cells were routinely grown 


in suspension cultures with Fischer's medium (Grand Island 
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Biological Co., Grand Island, N.Y.) supplemented with 10% 
horse serum, streptomycin (100 Hg/ml) and penicillin 

(100 units/ml) (2). Cell numbers were determined with 
Coulter Model F or Model B electronic particle counters. 
Synchronous L5178Y cultures were provided by S. C. Kim 
and A. R. P. Paterson. The cells were synchronized by a 

5 hr exposure to 2 mM thymidine followed by a 5 hr expo- 
sure to 0.02 ug/ml colcemid (Grand Island Biological Co.). 
This procedure is similar to that described by Doida and 
Okada (3). After resuspension in fresh medium, between 70 
and 80% of the cells present underwent synchronous division 


CRiaig 3 Vi. 


Incubation with purine bases 

Duplicate 2.5 ml culture samples were transferred 
to stoppered 16 x 100 mm tubes and maintained at 37° for 
20 min; radioactive purine bases were then added. Adenine- 


peace 39.3 mCi/mmole, pdsnimes6=3c8 41.8 mCi/mmole and 


hypoxanthine-8-" “Cc, 49.4 mCi/mmole, were obtained from 
Schwarz BioResearch. Incubations were terminated 30 min 
later by pouring the cultures into prechilled centrifuge 
tubes, centrifuging down the cells in) a clinical centrifuge, 
and extracting the cells with 0.010 ml of 0.4 M perchloric 


acid. After neutralization with 0.010 ml of 0.4 M KOH, the 


entire sample was spotted on polyethyleneimine-cellulose 
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Figure l. 
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Periods of study of synchronized lymphoma L5178Y 
cells. 


The metabolism of radioactive purine bases was 
determined during the four 30 min periods 
indicated. 
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plates (Polygram Cel 300 PEI, Brinkman Instruments). 


Chromatography 

The purine ribo- and deoxyribonucleotides were 
separated by two-dimensional chromatography on PEI- 
cellulose thin layer sheets by a modification of the methods 
of Crabtree and Henderson (4) and Cashel and Kalbacher (5). 

Samples of cell extracts plus carriers are placed 
on themorigin®’ 2 cm from the bottom of the sheet in the f1rcsec 
dimension and 2.5 cm from the bottom of the sheet in the 
second dimension. A wick of Whatman 3MM filter paper is 
attached with staples to the top of the sheet in the direc- 
tion of the first dimension. The chromatogram is developed 
with methanol/water (1/1) for 14 to 16 hr to wash bases and 
nucleosides onto the wick and then dried. 

For chromatography in the first dimension the 
plate was developed to Front 1A with 1.8 M ammonium formate, 
2% boric acid, pH 7; and then developed until the leading 
spot was near the wick (Front 2A) with 3.3 M ammonium formate, 
4.2% boric acid, pH 7. The wick was removed and the chroma- 
togram immediatedly immersed in a methanol bath for 12 
minutes. 

After the sheets were dried, chromatography was 
begun in the second dimension. The plate was developed to 


Front 1B with 0.5 M sodium formate buffer, pH 3.4; to Front 
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2B with 2.0 M sodium formate buffer, pH 3.4; and then to 
Pront~SBi with 4.0 M sodium formate buffer, pH 3.4. 

In the first dimension Front TASis 820 cm above 
the origin and Front 2A is approximately 17.5 cm above the 
origin. In the second dimension Front “1B) is 2.5 cm above 
the originy’ Front’ 2Byees 8 cm above the origin and Front 
3B approximately 17 cm above the origin. 

A typical chromatogram showing the resolution of 


a mixture of authentic nucleotides is shown in Figure 2. 


RESULTS 


The labeling of ATP and GTP from radioactive bases 
in asynchronous lymphoma cells was linear until 30 min. 
Figure 3 shows the relationship between total nucleotide 
synthesis and purine base concentration for exponentially 
growing lymphoma L5178Y cells. Nucleotide synthesis from 
hypoxanthine and guanine was near maximal at 40 UM while 
that for adenine was still increasing at 50 uM. Because 
adenine is markedly toxic at concentrations Bee a uM 
(6), this concentration of all three purines was chosen for 
the study of synchronous cells. 

The metabolism of the purine bases in the culture 


medium alone was examined by incubating either 20 uM adenine, 
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Figure 2’. 


Two-dimensional chromatography of purine ribo- 
and deoxyribonucleotides on PEI-cellulose. 


Ultraviolet absorbing areas are: 1, AMP; 2, 
GAMP; 3, IMP; 4, XMP; 5, GMP; 6, GGMP; 7, ADP; 
8, cdADP* 9, GDP; 10), dGDP; 11, AP; 2c 
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Figure 3. Acid-soluble nucleotide synthesis in asynchronous 
lymphoma L5178Y cells. 


Incubation time: 30 min 
Celi concentration: 141,600" cells per mi. 
Precursors: (®) adenine-+*7C 


(o) hypoxanthine-+4c 
(o)) guanine=—=C 
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guanine or hypoxanthine for 30 min with medium minus cells. 
The purine bases were isolated by column chromatography on 
Dowex-50, and subsequent two-dimensional chromatography on 
cellulose thin layers. In 30 min 80% of the guanine ori- 
ginally present was converted to xanthine, 3% of the hypo- 
xanthine was converted to xanthine, but there was no 
detectable metabolism of the adenine. The guanine deaminase 
activity has been attributed to the horse serum present in 
the culture medium. 

Samples from a synchronous lymphoma L5178Y culture 
were taken at the four times shown on Figure 1 which cor- 
responded to periods in the G,-phase, early S-phase, late 
S-phase, and G.-phase as indicated by thymidine labeling 
experiments (A. R. P. Paterson, personal communication). 
The G,-~phase sample was taken just after the increase in 
cell number had reached a plateau, which was approximately 
2 hr after the release of the colcemid block. The subse- 
quent samples were taken at 2 hr intervals. 

Total nucleotide synthesis from each purine base 
during the 4 periods is shown in Figure 4. Nucleotide 
synthesis from adenine increased to a maximum during the 
late S-phase period and then declined in the G,-phase 
period. Extents of nucleotide synthesis from hypoxanthine 
and guanine were parallel, but did not exhibit the magni- 


tude of variation seen with adenine. 
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Figure 4. 
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Acid-soluble nucleotide synthesis in synchronous 
lymphoma L5178Y cells. 


Precursors: adenine-l4c (20 uM) 
guanine-l4c (20 uM) 
hypoxanthine-l4c (20 uM) 

Numbers under each bar refer to periods of study 


shown in Figure l. 
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The synthesis of individual nucleotides, expressed 
in nmoles per ay cells, for the four 30 min labeling periods 
is presented in Table 1. Most of the acid-soluble radio- 
activity accumulated in the ribonucleoside triphosphates, 
namely ATP and GTP. The level of incorporation into the 
nucleoside monophosphates and diphosphates remained low, 
which indicates that uptake and conversion of bases to nucleo- 
tides was rate-limiting for ribonucleoside triphosphate 
synthesis. The radioactivity found in dATP and dGTP was 
generally Gl to 2% of that found @h, ATPe and Grr. 

By assuming a Simplified uni-directional pathway 
of metabolism for the synthesis of nucleoside triphosphates 
from each purine base, apparent activities may be calculated 
for several of the reactions of purine metabolism (Chapters 
3 and 4). The apparent activity for a given step is taken 
to be represented by the sum of the radioactivity in all 
ribonucleotide and deoxyribonucleotide components which occur 
further along the pathway from the step in question. These 
results are shown in Table 2 and the ratios of processes 
having the common substrates AMP, GMP or IMP are also given. 
The apparent activity of the phosphoribosyltransferases is 
equal to total nucleotide synthesis. The apparent activity 
of AMP deaminase increased from the G, -phase period through 
the G,-phase period, and the lowest AMP kinase/AMP deaminase 


2 


ratio was in the G.-phase period. The apparent activity of 
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Table i2te Apparcnticenzyme, activities ecduring.cellecycle. 


Peried wt sstudy 
Parameter a) Z 3 4 


(nmoles/109 cells per 30 min) 
PRECURSOR: ADENINE 


Adenine phosphoribosyl- 363 659 734 5 5i7 
transferase 

AMP kinase 338 620) 704 523 

AMP deaminase iat 22 ou eat | 


PRECURSOR: HYPOXANTHINE 


Hypoxanthine phospho- 65 216 lie We) 224 
ribosyltransferase 

AMPS synthetase plus 110 Ab)3) 145 162 
lyase 

IMP dehydrogenase 55 60 50 58 


PRECURSOR: GUANINE 


Guanine phosphoribosyl- 107 134, 126 23 
transferase 

GMP kinase 100 114 deiL27 Neat 

GMP reductase 4 22 6 4 


RATIO OF APPARENT ACTIVITIES: 


AMP kinase/AMP deaminase Sa 28 34 19 


AMPS synthetase plus lyase/ 2,0 206 ae5 2.8 
IMP dehydrogenase 


GMP kinase/GMP reductase 25 5 20 30 


102% 


guanylate reductase was greatest in early S-phase, which 

also had the lowest GMP kinase/GMP reductase ratio. Varia- 
tion in the apparent activities of AMPS synthetase plus lyase 
and IMP dehydrogenase was small and reflected the changes 

in hypoxanthine phosphoribosyltransferase. 

Apparent activities of ribonucleotide reductase 
have not been calculated since the turnover of deoxyribonu- 
cleotide pools onnDNA Synthesis i's, rapide wand: the! poo: 
sizes are small (8,9). As seen in Table 2, the deoxyribo- 
nucleotide levels were highest during the S-phase periods 


when either adenine or hypoxanthine was used as precursor. 


DISCUSSION 


The results of this study do not support the 
hypothesis that the S-phase toxicity of 6-mercaptopurine 
towards lymphoma L5178Y cells is due to variation in either 
the activity of some enzymes of purine metabolism or in 
ribonucleoside phosphate pool sizes through the cell cycle. 
It would thus appear more likely that the delayed lethal 
effect of 6MP on lymphoma L5178Y cells (1), is due to an 
effect on DNA rather than on RNA synthesis, or is related 
to the incorporation of some metabolite of 6MP into DNA. 


The observation that there was no accumulation of 
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purine nucleoside monophosphates or diphosphates indicates 
that the uptake and conversion of purine bases to nucleoside 
monophosphates is the rate-limiting step for purine nucleo- 
side triphosphate synthesis from purine bases. This rate- 
limiting monophosphate formation could conceivably be due 

to the amount of phosphoribosyltransferase activity present 
or to the availability of the second substrate, namely 
phosphoribosyl pyrophosphate (PRPP). Assays using cell-free 
extracts of lymphoma L5178Y have, however, shown that the rate 
of base uptake observed in these studies represents less 
than 5% of the total phosphoribosyltransferase activity 

(L. W. Brox, personal communication). Presumably then, it 
HS the waval Labriaty of PRPP that is “the rate-limiting 
Facer. 

The increase in hypoxanthine-guanine phosphori- 
bosyltransferase activity that is seen in Table 3 presumably 
parallels the increase in cell volume which occurs as the 
cells proceed through the cycle. The cause of the signifi- 
cant decrease in the adenine phosphoribosyltransferase 
activity observed during the G.-phase is not known. It 
is possible that this reflects some change in PRPP 
metabolism and is observed only when adenine is used because 
of the greater nucleotide formation from this base. 

As L5178Y cells normally grow in a medium lacking 


preformed purines, it is obvious that they can provide 
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their entire purine requirement by de.nove.synthesisc. vA 
minimal rate for purine de novo synthesis may then be es- 
timated from the total purine content of the cell (RNA, 
DNA and acid soluble purine) and the doubling time. This 
calculation indicates that the rates of nucleotide forma- 
tion from purine bases observed in these studies of syn- 
chronous cells are about 10-15% of the average rate of 
purine synthesis required for cell growth. 

It is evident from the observed apparent activi- 
ties of AMP deaminase and GMP reductase that routes of 
AMP and GMP metabolism are minor compared to phosphorylation 
by the AMP and GMP kinases. As might have been expected, 
the highest amounts of radioactive dATP and dGTP were 
observed during the 2 S-phase labeling periods. The radio- 
activity found in these deoxytriphosphates was generally 
1) tor 2% of that found in ATE and GTP, which is consistent 
with other reports on triphosphate levels in mammalian 
Geils 16,9, 0 721). 

Mean cell volumes and concentrations of indivi- 
dual acid soluble nucleotides have also been measured in 
synchronous lymphoma L5178Y cells by L. W. Brox (personal 
communication). The concentrations of NAD, ADP, ATP and 
GTP remained essentially constant throughout the cell 
cycle and these results are consistent with a previous 


report of ATP concentrations in synchronous Chinese hamster 
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cells (12). The purine and pyrimidine monophosphates were 
present only in trace amounts. Thus it is apparent that 
any purine or pyrimidine antimetabolite which accumulates 
to any extent as the monophosphate may easily have a 
concentration equal to or greater than the naturally 
occuring monophosphates and hence may have profound ef- 


fects on the overall metabolism of the cell. 
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CHAPTER 6 


EFFECTS OF ACTINOMYCIN D AND DAUNOMYCIN ON PURINE 
RIBONUCLEOTIDE METABOLISM IN EHRLICH ASCITES 


TUMOR CELLS IN VITRO 
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INTRODUCTION 


Actinomycin D is well known to inhibit RNA 
synthesis (1) and daunomycin has been shown to inhibit the 
synthesis of both RNA and DNA in Ehrlich ascites tumor 
cells (2). However, actinomycin D appears also to affect 
other areas of metabolism. Thus, whereas Wheeler and 
Bennett (3) found that actinomycin D inhibited the incor- 
poration of radioactive formate, glycine, hypoxanthine, 
adenine, and guanine, into RNA more than to DNA in 
Lactobacillus leichmannii, Ehrlich ascites tumor cells and 
H.Ep. #2 cells, incorporation into nucleic acid guanine was 
in some cases inhibited more than that into nucleic acid 
adenine. Experiments with L. leichmannii and H.Ep. #2 
cells (3) indicated that actinomycin D also interferred 
with the synthesis of purine nucleotides de novo. These 
results led Wheeler and Bennett to postulate two additional 
sites of action for actinomycin D: one at the synthesis 
of purine nucleotides de novo and another in the utiliza- 
tion of guanine nucleotides for the synthesis of RNA. 

These conclusions have been supported in subse- 
quent studies. Thus Zbarsky (4) demonstrated that L2G 
formate incorporation into RNA and DNA in Ehrlich ascites 
tumor cells was inhibited by actinomycin D, with an 


especially marked inhibition of formate incorporation into 
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guanine o£ both nucleiciacids.aevJacoli and Zbarsky (5) also 
found that when Bacillus subtilis was grown on a medium 
containing radioactive glycine, actinomycin D treatment 
Led, tosthes accumulation of GTP, .GDP,2andrIiMPéyrin addition, 
Harbers and Muller (6) found that actinomycin D increased 
the amount of radioactivity in acid-soluble nucleotides 
synthesized from guanine in Ehrlich ascites tumor cells, 
whereas Lowy and Williams (7) concluded that actinomycin D 
did not inhibit guanine phosphoribosyltransferase or purine 
nucleoside phosphorylase activities in rabbit erythrocytes. 

Other studies have been directed at the possible 
action of actinomycin D on oxidation-dependent biosynthetic 
processes. Thus, Honig and Rabinovitz (8,9) found that 
actinomycin D-induced inhibition of protein and sterol 
synthesis in Sarcoma 37 ascites cells could be relieved 
bysthéeeadditionseof glucose, although sthere was ino effect 
on ATP concentrations (8). 

The work reported here deals with the effects of 
actinomycin D and daunomycin on the synthesis and inter- 
conversion of purine nucleotides. A preliminary report 


of some of these findings has previously been presented (10). 
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MATERIALS AND METHODS 


Sources of materials and methods of tumor cell 
preparation and incubation (Chapter 2), procedures for 
the separation and measurement of radioactivity in purine 
bases, ribonucleosides and ribonucleotides (11), methods 
for the measurement of purine biosynthesis de novo (12) 
and of concentrations of phosphoribosyl pyrophosphate (13) 
and individual acid-soluble purine nucleotides (Chapter 2) 
have been reported previously. Actinomycin D and dauno- 
mycin were purchased from Calbiochem. 

In experiments using adenine or guanine as 
labelled precursor, total acid-insoluble radioactivity was 
taken to be equivalent to nucleic acid adenine synthesis 
from adenine-*4c or nucleic acid guanine synthesis from 
enuahine= sacs Less than 2% of radioactive adenine nucleo- 
tides synthesized from Senden wee were converted to 
guanine nucleotides, and less than 5% of radioactive guanine 
nucleotides synthesized from guanine-+4¢ were converted to 
adenine nucleotides. Acid-insoluble radioactivity was 
measured by adding 0.5 ml of cold 0.4 M perchloric acid 
to 100 wl of incubation mixture... These samples were then 
chilled and filtered on Whatman No. 3 filter paper discs 
which were successively washed with cold solutions of 2.5 
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Erichloracetic acid (three times), and2.5 ml of methanol 
(twice). Radioactivity on the dried discs was then mea- 
sured,(11); 

In experiments using hypoxanthine as precursor, 
substantial amounts of radioactivity were found in both 
nucleic acid adenine and nucleic acid guanine. In this 
case 100 ul of incubation mixtures were transferred to 1.0 
miueglass anpulesscontaining 5 Ulsof,4:2 M perchloric acid, 
the acid insoluble precipitate was washed four times with 
1-0 mi of 0.4,M perchloric acid, dried in vacuo, and, to 
each ampule 100 ul of 1.0 N HCl was added. The ampules 
were sealed and placed in a boiling water bath for 60 min 
to hydrolyze the nucleic acids. Portions of the hydroly- 
sates (50 yl) were chromatographed on Whatman No. 1 paper 
with carrier adenine and guanine for 5.5 hr (descending) 
with methanol, formic acid and water (70:15:5). Adenine 
and guanine spots having Re values of 0.61 and 0.43 
respectively, were cut out and their radioactivity measured. 

A method for evaluating the effects of drugs on 
individual reactions of purine nucleotide metabolism in 
Ehrlich ascites tumor cells incubated with hypoxanthine- 
es has. been reported (14). Here it is extended to reac- 
tions measured when cells are incubated with radioactive 
adenine or guanine. Results are presented in terms of 


the amount of radioactive substrate metabolized by the 
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different enzymes in a given period; other studies (11) 
have indicated that under these conditions radioisotope 
flow from purine bases to ATP and GTP is virtually equi- 
valent to the observed changes in chemical composition of 


the triphosphate pools. 


RESULTS AND DISCUSSION 


Actinomycin D at a concentration of 5 ug/ml 
inhibited the incorporation of radioactive adenine, guanine 
and hypoxanthine into nucleic acids by 90% in Ehrlich 
ascites tumor cells, and half maximal inhibition was at- 
tained at approximately 1 ug/ml actinomycin D, as shown 
Dine regu ce. 

In preliminary experiments, incubation of cells 
with radioactive hypoxanthine and 5 yg/ml actinomycin D 
reduced the amount of radioactivity found in acid-soluble 
ATP and GTP by 30 and 70 percent, respectively. Since 
inhibition of RNA synthesis alone might be expected to 
cause an accumulation of radioactive ATP and GTP, this 
observed decrease suggested that actinomycin D affects 
purine metabolism at sites other than RNA synthesis. 
Actinomycin Dy 5 ug/ml, was’ found also to reduce the radio-— 


activity in adenine nucleotides synthesized from adenine-14¢ 
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ACTINOMYCIN D pg/ml 


Effect of actinomycin D on conversion of radio- 
active purine bases to acid-insoluble nucleotides. 


Incubation time: 60 min 
(@) adenine-l4c, 100 uM 
(a) guanine-l4c, 100 uM 
(o) hypoxanthine-1l4c, 100 uM 
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by 9% and radioactivity in guanine nucleotides synthesized 
from guanine-?4c by 24%. In view of these findings, a 
systematic examination of the effects of actinomycin D on 
acid-soluble purine metabolism was undertaken. The effect 
of actinomycin D on radioactive purine metabolism in 
Ehrlich ascites tumor cells is shown in Table 1. 

The incorporation of adenine into nucleic acids 
was inhibited 88%, the actual inhibition of nucleic acid 
synthesis from ATP being 86%. An effect previously not 
distinguished from inhibition of nucleic acid synthesis 
was a 12% inhibition of ATP synthesis from adenine; this 
was the result of 17% inhibition of adenine phosphoribosyl- 
transferase. The decrease in adenine nucleotide synthesis 
was somewhat compensated by a 70% reduction in the apparent 
activity of adenylate deaminase. 

The effect of actinomycin D on the metabolism 
of guanine-+4c is also given in Table 1. Incorporation 
of guanine into nucleic acids was inhibited 93%, pri- 
marily due to 89% inhibition of GTP conversion to 
nucleic acid. The conversion of guanine to GTP was inhi- 
bited 38% and this is largely due to inhibition of guanine 
phosphoribosyltransferase and to a lesser extent, inhibi- 
tion of guanine nucleotide kinases. The apparent activity 


of guanylate reductase was increased 72%. 
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ine verftects Of actinomycin D on hypoxanthine 
metabolism (Table 1) are more complex than those on 
adenine or guanine, since appreciable amounts of hypoxan- 
thine *are converted to both ATP and GTP. The incorporation 
of hypoxanthine into nucleic acid adenine was inhibited 
89%, the conversion of ATP to nucleic acid adenine being 
inhibited 84%. Hypoxanthine incorporation into nucleic 
acid guanine was inhibited 96%, GTP conversion to nucleic 
acid guanine being inhibited 84%. 

Of particular interest are the effects of 
actinomycin D on the synthesis of ATP and GTP from hypo- 
xanthine. The conversion of hypoxanthine to ATP was 
inhibited 33%, due to inhibition of hypoxanthine phospho- 
ribosyltransferase, other effects being of a lesser degree. 
The conversion of hypoxanthine to GTP was inhibited 78%, 
promarivlysdue to 33% inhibition of hypoxanthine phospho-— 
ribosyltransferase and 60% inhibition of IMP dehydrogenase. 
Previous observations (3,4) that incorporation of formate 
or hypoxanthine into RNA guanine was inhibited to a 
greater extent than that into RNA adenine are compatible 
with the inhibition of IMP dehydrogenase described here. 
The accumulation of IMP observed in B. subtilis exposed to 
actinomycin D would also indicate an effect on enzymes 
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The effect of a wide range of actinomycin "D con= 
centration on various aspects of hypoxanthine metabolism, 
anengiven in Figure 2. It is ofsintenesmethatwaliNof its 
Imhubitory e@erects’, mcluding inhibition of nucleic “acid 
synthesis (Fig. 1), have essentially the same dose response 
curve showing near maximal inhibition at 5 ug/ml actinomy- 
(Os la gal Bis 

One factor that several of the inhibited enzymes 
have in common is the substrate phosphoribosyl pyrophosphate 
(PRPP). Ehrlich ascites tumor cells incubated without 
glutamine for 60 min in the presence of 5 ug/ml actinomycin 
D showed a 40% reduction in the concentration of PRPP, and 
cells incubated with actinomycin D and glutamine showed a 
29% reduction in the concentration of PRPP. Actinomycin 
D was shown to have no effect on the assay system for 
measuring PRPP concentration, which consisted of a crude 
preparation of adenine phosphoribosyltransferase from 
Ehrlich ascites tumor cells. Reduced concentrations of 
PRPP would also suggest that purine synthesis de novo 
should also be inhibited by actinomycin D. Purine synthesis 
de novo was measured by incorporation of Sivyeinesan G into 
phosphoribosylformylglycineamide; 5 ug/ml actinomycin 
D reduced this process by 11%. Thus limitation «of this 


common substrate may be responsible for the observed 
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Effect of actinomycin D on the conversion of 
hypoxanthine and IMP to ATP and GTP. 


Incubation time: 60 min 

Precursor: hypoxanthine-l4c, 100 uM 
(e) H > ATP, (a4) H > GTP 

(o) IMP + ATP, (A) IMP ~+ GTP 
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inhibition of four of the reactions measured. This possi- 
bility is further supported by the correlation between Km's 
for PRPP and the degree of inhibition by.actinomycin D-: 


These values are 5 x 1LOet M (5) iand uli] tainhibipion Léor 


adenine phosphoribosyltransferase, and 2-4 x TW oa M (16) 
and 33% inhibition for hypoxanthine phosphoribosyltrans- 
ferase with hypoxanthine as substrate and 35% inhibition 
with guanine as substrate. 

There are several possible mechanisms whereby 
actinomycin D affects acid-soluble purine metabolism. 
Direct inhibition of enzyme activity appears unlikely for 
such a large molecule bearing little structural resemblance 
to metabolites, and actinomycin D was shown to have no 
direct effect on adenine phosphoribosyltransferase. It is 
known, however, that purine mononucleotides may interact 
Witheactinomycin’ Dis(ay iis) ~~ but ithe textentyandMeifect 
of such interactions in the whole cell is unknown. 

Another possibility is that the observed inhibi- 
tions are secondary effects of inhibition of RNA synthesis. 
In addition, actinomycin D treatment has previously been 
shown to lead to a net breakdown of RNA (19,20). Liquid 
chromatography of cell extracts enabled a comparison to 
be made of nucleotide concentrations in cells incubated 
for 2 hours in the presence and absence of 2.5 ug/ml 


actinomycin D. Comparison of nucleotide pools before and 
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after the incubation period showed no significant change 

in the concentrations of nucleoside mono- and diphosphates; 
the concentration of GTP was reduced .0.8 fold, and that 
of ATP increased 1.2 fold. Following incubation with acti- 
nomycin D, the concentration of GTP was elevated 2.8 fold, 
and tehiataon. ATP Siler Gold. 

One method of examining the possibility that 
secondary effects of inhibition of nucleic acid synthesis 
are involved, is to examine the effects of another inhibi- 
tor of nucleic acid synthesis on acid-soluble purine 
metabolism. Daunomycin has been shown to inhibit the con- 
version of labelled precursors to DNA and RNA in experimental 
tumors (2,21,22) and in Ehrlich ascites tumor cells the 
incorporation of hypoxanthine-+“c into nucleic acids was 
inhibited more than 90% by 50 ug/ml daunomycin. This 
concentration of daunomycin also inhibited the conversion 
Of hypoxanthine to nucleic acid adenine by 98% and conver-— 
sion to nucleic acid guanine by 99%. The conversion of 
hypoxanthine to ATP was inhibited 47%, primarily due to 
45% inhibition of hypoxanthine phosphoribosyltransferase. 
The conversion of hypoxanthine to GTP was inhibited 83%, 
due to 45% inhibition of hypoxanthine phosphoribosyl- 
transferase and 55% inhibition of IMP dehydrogenase. A 
comparison of the effects of daunomycin (50 ug/ml) and 


actinomycin D (5 ug/ml) on hypoxanthine metabolism shows 
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striking similarities. These results have suggested that 
it may be the secondary effects of nucleic acid synthesis 
inhibitors on acid-soluble nucleotide concentrations which 
are responsible for the observed effects on purine nucleo- 
tide metabolism. Further investigation of this possibil- 


ity has been pursued (Chapter 7). 
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CHAPTER 7 


EFFECTS OF ELEVATED INTRACELLULAR ATP AND GTP 


CONCENTRATIONS ON PURINE RIBONUCLEOTIDE 


SYNTHESIS AND INTERCONVERSION 
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INTRODUCTION 


Potential mechanisms for the regulation. of the 
enzymes of purine ribonucleotide synthesis and intercon- 
version have been studied in various cell-free systems, and 
the-numerous observations of inhibition *and’stimulation eof 
these enzymes by purine nucleotides have been reviewed 
(V7ecy. In*contrast, the requiation/of purinesribonucleotide 
synthesis and interconversion in intact animal cells has 
received relatively little attention. 

That purine ribonucleotide synthesis is regulated 
is indicated by the observation that purine ribonucleotide 
concentrations in cultured animal cells are similar whether 
or not the cells are growing (3,4), that rates of conversion 
of purines to nucleotides is considerably less than the po- 
tential purine phosphoribosyltransferase activity, (5,6,7, 
Chapter 2), and that purine nucléotide’synthesis from ° bases 
is not linear with time even at saturating concentrations 
Of purines (6, Chapter’ 2).  *The*mechanisms*oy whicht purine 
phosphoribosyltransferase activity in intact cells is 
regulated has not been defined, although in some cases PRPP 
concentrations are believed to be limiting. 

Likewise, although Crabtree and Henderson (8,9) 
have identified the rate limiting reactions in the inter- 


conversion of purine ribonucleotides in Ehrlich ascites 
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tumor cells in vitro, the regulation of these reactions 
has so far been described only in terms of substrate con- 
centration. 

The present study examines the effects of 
increased purine ribonucleotide concentrations on the 
enzymes of purine nucleotide interconversion and synthesis 
from bases in a medium containing amino acids, so that 
interconversions were not limited by these substrates, 
and containing high concentrations of phosphate, which have 
been shown to promote nucleotide synthesis from purine 


bases (10). 


MATERIALS AND METHODS 


Sources of materials (Chapter 2), methods of 
tumor cell preparation (Chapter 2), procedures for the 
separation and measurement of radioactivity in purine bases, 
ribonucleosides and ribonucleotides (8), have been reported 
previously. Coformycin was generously provided by Professor 
H. Umezawa and Dr. M. Hori, Institute of Microbial Chemis- 
Eby, al OnyO. 

A method for evaluating the effects of drugs or 
other factors on individual reactions of purine nucleotide 


metabolism in Ehrlich ascites tumor cells incubated with 
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hypoxanthine-17c has been reported (11). Here it is 
extended to reactions measured when cells were incubated 
with radioactive adenine or guanine. Results are presented 
in terms of the amount of radioactive substrate metabolized 
by the different enzymes in a given period; other studies 
(8) have indicated that under these conditions radioisotope 
flow from purine bases to ATP and GTP is virtually equi- 
valent to the observed changes in chemical composition of 


the triphosphate pools. 


RESULTS 


Analysis of the concentrations of individual 
purine nucleotides in Ehrlich ascites tumor cells following 
incubation in the presence and absence of adenine or guanine 
(Table: I), tshows: that ATP “and GTP sconcentrations] can, begsig— 
nificantly increased by this procedure. Only an upper limit 
could be assigned to the concentration of GDP and the mono- 
phosphates AMP, IMP and GMP were present in amounts less 
than 100 nmoles/g. Yushok (12) has shown by enzymatic ana- 
lysis)that 60.miniiincubation%of£ Ehrlich ascites tumor celis 
in Krebs-Ringer phosphate with 1.0 mM adenine or adenosine 
increased ATP concentrations from 3630 to 7300 nmoles/g, 


those of ADP from 220 to 300 nmoles/g, and those of AMP 
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from 50 to 160 nmoles/g. Since the total increase in tri- 
phosphate pools is much greater than changes at the mono- 
and diphosphate level, changes in enzyme activities have 
been correlated with increases in either ATP or GTP intra- 
cellular concentrations. 

Ehrlich ascites tumor cells were preincubated 
with adenine (100 uM) for 30 min, which increased the ATP 
concentration 1.2 fold, whereas the GTP concentration was 
0 ISethateor control cells (Table 1). Control cells and 
cells with elevated ATP concentrations were then washed, 
resuspended in fresh prewarmed medium and incubated with 
200 uM adenine-_ Cc, hypoxanthine-!4c, or guanine-+*c for 
60 min, and the apparent activities of several enzymes of 
purine nucleotide metabolism were calculated. The data in 
Table 2 shows that the conversion of adenine, hypoxanthine 
and guanine to nucleotide was inhibited between 45 and 52% 
in cells with elevated ATP concentrations. 

Reduced phosphoribosyltransferase activity may 
have been the result of a reduction in the concentration 
of PRPP induced by the prior incubation with unlabelled 
adenine. In order to examine this possibility, the ATP 


pool was elevated by incubation with adenosine in the 


129% 


presence of coformycin (1 ug/ml); the latter has been shown 


to inhibit adenosine deaminase by greater than 99% in thes 
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Table 2. Effects of elevated intracellular ATP concen- 


trations on enzyme activities* 


SS ae Nsnieeteicmeeemineespmeseee emer ee eee 
SS 


inha ba ton 
of Enzyme 
Enzyme Activity 
(3) 
Precursor: Adenine 
Adenine phosphoribosyltransferase (3280T) 44.8 
AMP kinase (3200T) aes 
Precursor: Guanine 
Guanine phosphoribosyltransferase (17657) ot ESS 
GMP kinase (1625T) 6.9 


Precursor: Hypoxanthine 


Hypoxanthine phosphoribosyltransferase (2630T) 47.6 
AMPS synthetase plus lyase (21407) 8.9 


* Control Ehrlich ascites tumor cells, 2% (v/v) suspen- 
sion, and cells with elevated ATP concentration 
(arpexperimental/appcontrol = 1,20) were incubated 
with 200 uM adenine-l4c, guanine-l4c, or hypoxanthine- 

4c for 60 min. 
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cells (13), and hence adenosine could not be converted to 
hypoxanthine, which also would react with PRPP. Incubation 
of Ehrlich ascites tumor cells with adenine (50 UD OF 
adenosine (50 uM) plus coformycin (1 ug/ml) gave comparable 
inereases in “the concentrations of ATP, 1.56 and 1.52 fold, 
respectively. Figure 1 shows that nucleotide synthesis 
from adenine-?“c was inhibited in cells containing elevated 
ATP concentrations whether they had been incubated with 
either adenine or adenosine. 

Ehrlich ascites tumor cells were also preincubated 
with three concentrations of guanine for 30 min to elevate 
the concentrations of GTP, as shown in Table 1. Following 
the incubation with non-radioactive guanine, cells were 
washed and resuspended in fresh medium and incubated with 
radioactive purine bases for 60 min and radioactivity in 
nucleotides measured. The relative activity of various 
enzymes were plotted versus the relative increase in the 
GEP\ concentration (Fig. 2). 

It may be seen from Figure 2 that increasing GTP 
concentrations caused inhibition of nucleotide synthesis 
from radioactive adenine, guanine and hypoxanthine, the 
order of inhibition corresponding to that caused by ele- 
vated ATP levels. The relative activities of AMP kinase 
and GMP kinase were virtually unaffected by increasing GTP 


concentrations and the relative activity of adenylosuccinate 
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Figure 1. Effect of elevated ATP concentrations on ag4d- 
soluble nucleotide synthesis from adenine- : 


(@) control cells 
(0) cells incubated with adenine 
ATpexP / aTpcontrol = 1.56 
GTpexp / GTpcontrol = 0.95 
(o) cells incubated with adenosine plus ecorormycin 
ATpexe / Arp ebd une eT) 52 
GTPEexXP 7 GTP controlros pT 071 
Precursor: adenine-l4c, 200 uM 
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Effect of elevated GTP concentrations on enzymes 
of purine ribonucleotide synthesis and inter- 
conversion. 


Precursor: A; adenine-_-C) 00 uM 
By; hypoxanthine-1 GP 20 07M 
Cs guanine-l Cy 200° uM 
Enzymes: A, (0) adenine phosphoribosyltransferase; 
control = 4180* 
(@) AMP kinase; control = 4085* 


(Oo) AMP deaminase; control = 90* 
B, (o) hypoxanthine phosphoribosyl- 
transferase; control = 3290* 


(@®) adenylosuccinate synthetase plus 
lyase; control = 2643* 
(Oo) IMP dehydrogenase; control = 355* 
C, (o) guanine phosphoribosyltransferase; 
contro. = ~@3l0™ 
(@®) GMP kinase; control = 2110* 


* nmoles/g per 60 min 
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Synthetase plus lyase was slightly increased. AMP deaminase 
activity was inhibited only at the highest concentration 
of GTP, but the relative activity remained high (0.84) 
under these conditions. The most dramatic effect was a 
decrease in the relative activity of IMP dehydrogenase to 
Ue? OF Chat for the control cells. 

Neither ADP kinase, GDP kinase or GMP synthetase 


were affected by increases in ATP or GTP concentration. 


DISCUSSION 


These experiments have for the first time demon- 
strated inhibition of certain reactions of purine metabolism 
by ATP and GTP in intact animal cells. Purine phosphoribosyl- 
transferase activities were inhibited at high ATP and GTP con- 
centrations, but whether inhibition is due to a direct effect 
on these enzymes, or due to inhibition of PRPP synthesis, 
has not been distinguished. The adenine phosphoribosyltrans- 
ferase of Ehrlich ascites tumor cells is inhibited competi- 
tively with respect to PRPP by AMP, ADP, and ATP (14-19), 
and the enzyme is also inhibited by dAMP and GMP by different 
mechanisms (18,20). Hypoxanthine-guanine phosphoribosyltrans- 
ferase of Ehrlich ascites tumor cells is also competitively 


inhibited by GMP and IMP with respect to PRPP (14). Increases 
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in the concentrations of AMP, IMP and GMP were not detec- 
table, however, and the inhibition of both enzymes by 
elevated ATP or GTP concentrations suggests a common ele- 
ment: 

De tis also Vpossiblie(thattinhibi ion "of PRPE 
synthetase by elevated nucleotide concentrations is the 
cause of the observed effects. Wong and Murray (21) have 
Shown that PRPP synthetase of Ehrlich ascites tumor cells 
is partially inhibited by AMP, GMP and IMP, and also by 
several nucleoside triphosphates ; half-maximal inhibitions 
were obtained with 0.25 mM CTP, 0.2 mM GTP, 0.4 mM TTP and 
0.4 mM UTP. Inhibition of phosphoribosyltransferases may 
therefore be a composite of both product inhibition and 
decreased PRPP synthesis. 

Adenylate and guanylate kinases were virtually 
unaffected by elevated ATP and GTP concentrations. Higher 
energy charge in these cells might be expected to support 
further phosphorylation of mononucleotides and this seemed 
bore vene icas.ey 

Adenylosuccinate synthetase and adenylosuccinate 
lyase activities were examined as a single coordinate system 
that showed a small degree of inhibition (9%) at high con- 
centrations of ATP and slightly increased relative activity 
(1.05) in cells having elevated GTP concentrations. Little 


is known about these enzymes from mammalian sources, however, 
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certain purine nucleotides, AMP, GMP and GDP inhibit the 
adenylosuccinate synthetase of Escherichia coli "(22523)" 
and AMP, though not ATP, inhibits adenylosuccinate lyase 
of yeast (24). The conversion of IMP to AMP in Ehrlich 
ascites tumor cells was affected only to a minor degree 
by increased ATP and GTP concentration. 

In Ehrlich ascites tumor cells, adenylate deami- 
nase activity relative to AMP kinase activity is very low 
as reflected by the ratio of AMP formed from adenine which 
was further phosphorylated, 4085 nmoles/g per hr, to that 
which was deaminated, 90 nmoles/g per hr. Thus adenylate 
deaminase activity may normally be strictly regulated in 
these cells as indicated in the work of Lomax and Henderson 
(personal communication). Only cells with the highest 
relative increase of GTP showed a partial inhibition of 
this enzyme. Studies of adenylate deaminase from a variety 
of sources have showed that this enzyme is stimulated by 
RiP eana anhipated by GlP (25,200,217). Iiibetlon Dy GiLeas 
ebserved in these studies, although in accord with other 
findings, suggest that this enzyme is not as sensitive to 
inhibition by GTP in intact Ehrlich ascites tumor cells as 
might have been expected. It should be noted that adenylate 
deaminase of skeletal muscle from several sources was inhi- 
bited by inorganic phosphate and ATP, the latter perhaps 


only at low concentrations (28,29), and ADP was also 
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Suggested to be an activator of this enzyme (28). 

IMP dehydrogenase activity in Ehrlich ascites 
tumor cells was found to be strongly inhibited by in- 
creases in GTP concentrations (Fig. 2B), although studies 
of partially purified IMP dehydrogenases from Ehrlich 
ascites tumor cells (30) and Sarcoma 180 cells (31) gave 
no indication of allosteric properties. The mammalian 
enzyme is inhibited by XMP and reduced nicotinamide adenine 
dinucleotide (31). In detailed studies of this enzyme from 
microorganisms, GMP has generally been regarded as a feed- 
back inhibitor for regulation of guanine nucleotide synthe- 
Sis (32,33). At present, a study of the effect of guanine 
nucleotides on cell-free IMP dehydrogenase from mammalian 
sources has not been conducted. 

In summary, high ATP and GTP concentrations inhibit 
nucleotide overproduction from purine bases via the phos- 
phoribosyltransferases. Elevated concentrations of ATP 
may have a slight inhibitory effect on AMP synthesis from 
IMP, whereas high GTP concentrations severely inhibit IMP 
dehydrogenase. At concentrations of GTP greater than ATP, 
a moderate inhibition of adenylate deaminase was observed. 
In general, the activities of enzymes of purine nucleotide 
interconversion appear to be more strictly subject to in- 
creased GTP concentrations than to ATP concentrations. 


These observations would also support the 
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hypothesis that the effects of actinomycin D and daunomycin 
on acid-soluble purine metabolism (Chapter 6) may be due to 


increases in the intracellular ribonucleotide concentrations, 


especially GTP. 
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CHAPTER 8 


ALTERNATIVE PATHWAYS OF DEOXYADENOSINE 


AND ADENOSINE METABOLISM 
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INTRODUCTION 


Deoxyadenosine and adenosine can be metabolized 
in animal cells both by phosphorylation and by deamination. 
The relative rates of phosphorylation and deamination of 
deoxyadenosine are known to vary from one animal cell type 
to another, but their relationship has not been studied 
systematically. In Ehrlich ascites tumor cells incubated 
with deoxyadenosine, for example, large amounts of dADP 
and dATP were found to accumulate (1,2). Withdrawal of the 
deoxyadenosine, however, resulted in rapid degradation of 
dATP primarily to hypoxanthine, although small amounts of 
deoxyadenosine and deoxyinosSine were also observed (1). 

In contrast, radioactivity from deoxyadenosine was incor- 
porated primarily into RNA rather than into DNA in human 
lymphocytes (3), suggesting that deamination followed by 
cleavage of the glycosidic bond of deoxyinosine was of 
major importance. 

Recently Zimmerman et al. (4) have shown that 
purine nucleoside phosphorylase can convert adenine to 
adenosine, and this observation raises the possibility that 
adenine nucleosides can also be cleaved to adenine in 
intact animal cells. This possibility is explored in the 
present study, which also determines the relative rates of 


deoxyadenosine metabolism via phosphorylation, deamination 
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and cleavage in several different animal cells and tissues. 


METHODS AND MATERIALS 


Chemicals 
Radioactive bases and nucleosides were purchased 


from New England Nuclear Corporation: deoxyadenosine-8- 


4 A F ; : Z 
i Cc, 39 mCi/mmole; inosine-8-!“c, 32 mCi/mmole; adenine- 


ary 52.6 mCi/mmole; guanine-8-14¢, 52 mCi/mmole; and 


from Schwarz BioResearch Inc,: adenoséne-22> -ce 47 mCi/ 


mmole; hypoxanthine-8-14c, 53.7 mCi/mmole. Coformycin was 


8 


generously provided by Professor H. Umezawa and Dr. M. Hori, 
Institute of Microbial Chemistry, Tokyo. 

Deoxyadenosine-"-c was purified prior to each 
experiment by chromatographing 100 to 200 ul on Eastman 
Kodak unsubstituted cellulose thin layer sheets in butanol- 
methanol-water-ammonia (60:20:20:1); sheets were developed 
twice. This procedure separated deoxyadenosine from adenine, 
adenosine, hypoxanthine and inosine. The deoxyadenosine 
spot was scraped off the chromatogram and extracted with 
four 0.5 ml aliquots of water. The combined aqueous ex- 
tracts were evaporated to dryness in vacuo over NaOH 
flakes and resuspended in the original sample volume, Only 


deoxyadenosine preparations free from radioactive adenine, 
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adenosine, inosine and hypoxanthine were used for the exper- 
iments reported. 

Adenosine deaminase in Ehrlich ascites tumor cells 
has been shown to be inhibited by more than 99% by 1 ug/ml 
eoformycin (5)s°° In this’ study, 5) y9/ml° coformycin- was? tsed 
in experiments employing mouse, sheep and human erythrocytes 
and Ehrlich ascites tumor cells, whereas 10 ug/ml was used 
when preparations of mouse brain, kidney, heart and lung 
were studied. Control experiments showed that in all cases 
the deamination of deoxyadenosine-!4c was virtually com- 


pletely inhibited by these concentrations of coformycin. 


Tissue preparation and incubation conditions 

Ehrlich ascites tumor cells were collected and 
diluted in Fischer's medium containing 25 mM phosphate 
buffer, pH 7.4, without bicarbonate, to make a 2.5% cell 
Suspension. The tumor cell suspensions (80 pl) with or 
without coformycin were incubated in small plastic tubes 
(LOSsei7 53 nine Falcon Plastics) *tor 20emin- at 37° with 
shaking. Radioactive nucleoside and Fischer's medium was 
then added to a final volume of 100 wl, and the incubation 
continued. Experiments were terminated by addition of 5 
meSE 402 Mecold perchloric*acidstoreach tube) nds they cell 
extract was neutralized by the addition of 5 pl of 4.42 


M KOH. Samples were chilled, centrifuged and 10 yl of the 
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Supernatant was chromatographed. 

Mouse, sheep and human erythrocytes were collected 
in modified Fischer's medium containing heparin, then 
washed and diluted to 2.5% suspension in modified Fischer's 
medium and incubated as above with radioactive precursors 
in the presence or absence of coformycin with 100% 0-7 in 
the gas phase. 

Deoxyadenosine-!4c metabolism was also examined 
in four mouse tissues. Adult Ha/ICR Swiss male mice were 
decapitated, organs removed and rinsed briefly in cold 
0.154 M NaCl. Slices 2 mm thick were prepared from brain, 
liver and kidney. Slices were then chopped in two dimen- 
Sions by a McIlwain tissue chopper (Brinkman Instruments 
Ltd., Toronto, Ontario ;.Canada). puso (that prisms .0.3, X40 33 x 
2 mm were obtained (6). Heart slices 1 mm thick were pre- 
pared by hand. 

Portions of chopped or sliced tissue (5 to 20 mg) 
were transferred to tubes containing 0.200 ml modified 
Fischer's medium. Tissues were dispersed by vigorous shak- 
ing and incubated in a shaking water bath for 20 min at 37° 


with 100% 0, in the gas phase. The medium was then removed 


2 
by aspiration and the tissue was washed once with 0.200 ml 
prewarmed medium and then resuspended in 0.080 ml fresh 


medium with or without Coformycin, and incubated for a fur- 


ther 15 min. Deoxyadenosine-"-¢ and Fischer's medium was 
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then added so the final volume after additions was 0.100 

ml, and the incubation continued for a further 20 min. 

To terminate anetbations, 5 ul of 4.2 M perchloric acid 

was added to each tube and the contents homogenized and 

then neutralized with 5 ul of 4.42 M KOH. The extracts 

were kept on. ice for 5 min before centrifugation and 10 

or 20 ul of the acid-soluble supernatant was chromatographed 
for 2 dimensional separation of ribo- and deoxyribonucleo- 


tides as described in Chapter 5. 


RESULTS 


In view of the demonstration by Zimmerman et al. 
(4) that adenine could be converted to adenosine by animal 
cell enzymes, the possibility that deoxyadenosine could be 
cleaved to adenine in intact animal cells was studied. 
This was first studied in the presence of coformycin, an 
inhibitor of adenosine deaminase, so that phosphorylation 
and cleavage of deoxyadenosine can be clearly distinguished 


in cells which perform both reactions simultaneously 


(Scheme 1). 
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dAMP <———- AdR ———» A ————> AMP 


7 j 
4 1 

AMPS 

| 4) 

J | 
HdR----> H —---—> IMP 


SCHEME 1 


Deoxyadenosine kinase activity will give rise to the radio- 


active deoxyadenosine phosphates dAMP, dADP and dATP, 


whereas the cleavage 
radioactive adenine; 
transferase activity 
will be converted to 


AMP, ADP and ATP. 


of deoxyadenosine will give rise to 
because of adenine phosphoribosyl- 
in the cells, the adenine so formed 


the radioactive adenosine phosphates 


In the experiments described below only 


very small amounts of free radioactive adenine were de- 


tected; these were not attributed to deoxyadenosine cleaving 


activity because the 


perchloric acid extraction procedure 


itself caused a small and variable amount of hydrolysis of 


deoxyadenosine-*" 


used in reference to 


adenosine because of 


C to adenine. 


The term "cleavage" is 
the formation of adenine from deoxy- 


difficulty encountered in distinguishing 


between phosphorolytic and hydrolytic processes in this 
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intact cell system. 

Initial evidence for the cleavage of the glycosidic 
bond of deoxyadenosine in Ehrlich ascites tumor cells was 
obtained by such measurements of radioactivity in adenine 
ribo- and deoxyribonucleotides. Figure 1 shows the relative 
rates of deoxyadenosine kinase and deoxyadenosine cleaving 
activities in Ehrlich ascites tumor cells as a function of 
substrate concentration; both appeared near saturation at 
56 uM deoxyadenosine. Deoxyadenosine kinase activity was 
twice that of the cleaving activity over the concentration 
range studied. These observations constitute the first 
firm evidence for adenine formation from a nucleoside in 
intact animal cells. 

Deoxyadenosine kinase and cleaving activities were 
also measured in human, mouse and sheep erythrocytes. Human 
erythrocytes exhibited the highest activity of deoxyadeno- 
sine kinase and sheep erythrocytes the lowest (Fig. 2). 
Deoxyadenosine cleaving activities (Fig. 3) were three to 
six-fold lower than the corresponding kinase activities. 

Chopped prisms of mouse kidney, liver and brain 
and slices of mouse heart were incubated with 20 uM deoxy- 
adenosine-14¢ in the presence of coformycin (10 ug/ml) for 
20 min. Under these conditions there was no detectable 
Baan ation of deoxyadenosine, judged by the lack of accum- 


ulation of radioactivity in deoxyinosine and hypoxanthine. 
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Figure 1. Metabolism of deoxyadenosine-?4c Ly EBhYe ich 
ascites tumor cells. 


Cells were incubated with deoxyadenosine-!4¢ fox 
20min candaradloadcti vitywinsthe jproducts of 
deoxyadenosine kinase, AAMP+dADP+dATP (o) and 
deoxyadenosine cleavage, AMP+ADP+ATP (4) was 
measured. The concentration of coformycin was 
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Phosphorylation of deoxyadenosine-!4c in 
erythrocytes. 


Human (0), mouse (A), and sheep (a) _ erythrocytes 
were incubated with deoxyadenosine-1l4c for #30 min 
after which radioactivity in dAMP+dADP+dATP was 
measured. Human and mouse erythrocytes were 
incubated with 5 ug/ml coformycin and sheep 
erythrocytes in the absence of coformycin. 
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Cleavage of deoxyadenosine-14c in erythrocytes. 


Human (0), mouse (4), and sheep (O)_ erythrocytes 
were incubated with deoxyadenosine-+"%C for 30 min 
after which radioactivity in AMP+ADP+ATP was 
measured. Human and mouse erythrocytes were 
incubated with 5 ug/ml coformycin and sheep 
erythrocytes in the absence of coformycin. 
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All of these tissues had sufficient adenine phosphoribosyl- 
transferase under the conditions of these experiments for 
the assay of deoxyadenosine cleavage (7; P. C. L. Wong and 
J. F. Henderson, unpublished results). Figure 4 shows that 
of the four mouse tissues studied, deoxyadenosine kinase 
and cleaving activities were highest in kidney; brain and 
liver had comparable activities which were lower then kid- 
ney, and these activities in heart were close to the lower 
limit of sensitivity of the methods used. A comparison of 
deoxyadenosine kinase and cleaving activities in all the 
cells and tissues examined is given in Table l. 

The MepabSlien of deoxyadenosine was also measured 
in the absence of coformycin to determine the relative rates 
of phosphorylation and deamination of this nucleoside. In- 
cubation of mouse liver, kidney, heart or brain for 20 min 
in the absence of coformycin resulted in the deamination 
of more than 90% of the 20 uM deoxyadenosine-'-c present 
as measured by radioactivity in deoxyinosine and hypoxan- 
thine; ribonucleotides accounted for a further 1-5% of the 
total radioactivity. In these tissues cleavage cannot be 
measured in the presence of such extensive deaminase acti- 
vity because deoxyinosine can be converted to adenine ribo- 
nucleotides via hypoxanthine and inosinate. 

In contrast, there was essentially no synthesis 


of ATP or GTP from radioactive hypoxanthine in both human 


dsqs ewode bisturtt .(etivget beret feuqaw ae hea 
gapnix antzonatisysxoah bobpude aoueetd sauom bag 
bas atetd iysnbii al seasipein sigw peidivigos sis"! 
-82N dsd+ rowel Buaw iotdw astdivicos afdaxsqmos | bad gevit 


1swol eld of seol> axsw jazeed of eotaivisos onst3 baa vou 


y 


To nositsamon. 4 bean. zhontem oa9 Do ytivitiense to 
eng: 1.16 mt petiivisos poivesdo Bae sesnt a enisonebs 
.f slide? ni covipoet bonlmexe asueets bas. alleo 

bezvezsem o#ls BBW snizoashsyxosh To melfodsgom sAT 


gete7 evisgsleon ang onimressb ot ninyirrete> Ga soneeds edt ak 
-al .shieosioun, atts To noczentthess bee noite tyxodaaoda to 
aim OS 197 clerd to Dre vYoqbLt ,2evil savom lo noitsdus 
aodtenlnesd oid #2 Ussteger aioyamotos te gonseds sit at 
magsaq 2° -wntsorsbsyxosb My OS of¢ Zo #0@ nasty stom 20 
-nsxodvd ne ontaoriyknab ak ydtvidosodhas yd bexuasem es 
a04 Fo #2-1 sedge) 2 202 | | 


te 7 , 
- s = 
-_ be <a “oe. 
F -Nie : oe ' i 
r 4 -) aah f { 
J 
? 


ih =i 


brs pHeW wf .9'.8 ¥%) eimtael kde to yseas ont 


10% 


sé 
© 
Q. 
2 
” 
ae 
O 
= 

yj 

l/ = 

BRAIN HEART KIDNEY LIVER 
Figure 4. Metabolism of decnvadenesine= ac in mouse tissue. 


Tissues were incubated with deoxyadenosine (20 uM) 
for 20 min and radioactivity in the products of 
deoxyadenosine kinase, dAMP+dADP+dATP (open bar) 
and deoxyadenosine cleavage, AMP+ADP+ATP (hatched 
bar) was measured. 

The concentration of coformycin was 10 ug/ml. 
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Table 1. Relative activities of deoxyadenosine phosphoryla- 


tion and cleavage. 


Coformycin Deoxyadenosine Phosphorylation 


Tissue Concentration 
(g/ml) (ug/m1) Cleavage 
Human erythrocytes 5 20 - 42 6.0 
Mouse De cee 5 16°=550 a6 
Sheep erythrocytes 0) 16 - 33 Sis) 
Ehrlich ascites tumor S 10 - 56 Died 
cells 
Mouse brain 10 20 ne 
Mouse kidney 10 20 eb 
Mouse heart 10 20 1.0 


Mouse liver 10 20 0.9 
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and sheep erythrocytes, and deoxyadenosine cleaving acti- 
vity can hence be measured in the absence of coformycin. 
Deoxyadenosine deaminase, kinase and cleaving activities 
in human and sheep erythrocytes incubated without coformy- 
cin are given in Table 2. In human erythrocytes, deamina- 
tion of deoxyadenosine was some 75 to 180 fold greater 
than phosphorylation, whereas in sheep erythrocytes 
deamination and phosphorylation of deoxyadenosine were 
roughly equivalent. The ratio of cleaving activity to 
those of the other processes was several fold higher in 
sheep erythrocytes than in human erythrocytes, although 
total cleaving activity was higher in human erythrocytes. 
Alternative pathways of adenosine metabolism in 
Ehrlich ascites tumor cells and sheep erythrocytes were 
also examined. Miech and Santos (8), by the use of adeno- 
Sine labelled both in the base and sugar moieties, have 
previously concluded that in rat erythrocytes phosphoryla- 
tion was the major route of adenine nucleotide synthesis 
from adenosine. In the present study, adenosine kinase 
and cleaving activities cannot be distinguished by the 
methods used, since AMP may be formed either by phosphory- 
lation, or following cleavage or deamination of adenosine. 
However, the sum of radioactivity in hypoxanthine and 
inosine following incubation with adenosine-""c has been 


taken to be a measure of adenosine deaminase activity and 
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Table 2. Comparison of deoxyadenosine deaminase, kinase 


and cleavage activities in human and sheep 


erythrocytes* 
Deoxyadenosine Deaminase Kinase Cleavage Relative Activitiest 
(uM) (nmoles/g per hr) Deaminase Kinase Cleavage 


HUMAN ERYTHROCYTES 


2057 1865 10.4 VS) 99-0 OFS 0.4 
41.6 3484 SOeet 13.4 98.6 10 0.4 
62.0 3619 49.3 20.4 281 eS) 0.6 


SHEEP ERYTHROCYTES 
Wea 14.8 Re ry 368 46.5 41.5 2 


33.3 aed 2651 7.4 42.0 45.2 L253 


* A 2% (v/v) suspension of erythrocytes were incubated with deoxy- 


adenosine-!4c for 20 min with human erythrocytes or 60 min with 
sheep erythrocytes. 


+ Relative activities, where deaminase + kinase + cleavage = 100.0. 
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radioactivity in AMP, ADP and ATP to be a measure of 
adenosine kinase: activity . 

A comparison of adenosine kinase and deaminase 
activities in intact Ehrlich ascites tumor cells is shown 
in Figure 5. At low substrate concentrations several 
times more adenosine is phosphorylated than deaminated, 
as would be predicted from the Michaelis constants of 


adenosine for adenosine kinase, 3-6 x tie * 


adenosine deaminase, 3 x TOO 3 M (li) .7 At high concentra-— 


M (9 LO) and 


tions of adenosine (greater than 150 uM), deamination of 
adenosine was greater than phosphorylation. Phosphoryla- 
tion of adenosine by Ehrlich ascites tumor cells was 5-fold 
greater than that of deoxyadenosine at concentrations of 

16 UM. 

In sheep erythrocytes adenosine deaminase acti- 
vity is shown in Figure 6 to be greater than adenosine kinase 
activity over the whole range of adenosine concentrations 
studied. Deamination of deoxyadenosine was 4-fold lower 
than deamination of equal concentrations of adenosine in 
these cells. Adenosine and deoxyadenosine kinase activi- 
ties were nearly equivalent, but were low in comparison to 
other cells. To determine whether the low activities of 
enzymes of adenosine and deoxyadenosine metabolism in 
sheep erythrocytes were related to limited uptake of nucleo- 


side, these cells were incubated with tmesines= oy and 


to. exyadon ad. 
agartimeeb bie Seach, sweet ites 7 Ae 


nmis ar piles sonpd 2apiten ee ; i 
2 eet 


lates pate a 
Jbovantnied nad Bots tyrodqeol@ Bt enieonsbs pacts 
to etnbiedos ef louloth oft mont Batotberg ed | Biuow e6 
nite, (Of,2) MO" OL x a-€ .seeaeX onznonehs x0t efteonsbs 
-sudneenae dpit- aa .(tt) mo a ae eeenimesb on ceateee, 
+9 netsenimeeb , (Mi Off nerd YetdeosE) saieonebs 20 .pank? 
sivzrodqzott~ .motzalytongeciy ahds tagse2p RoW aglookeye 
hfoit-2 esw aliso zomyd eedioas doiiata yd enieonebs to noit 
to ancitastieenon 36 en.tzorabaymoeh te tad¢ asds xeISOXP 
<a 
~ttos saeninssb artaonsia gavyootna yo geeds. at = ele 
scahis sniainahe aadt setgsty ad of 8 oxvpit ni nvede BL ystiv \ ), 
anoidettiedko: sn izucebs So Spite slerw end seve, ytivicos 
xawof BLol-b <by adieedsbayxosb YO nokveninesd ,baibuse 
nt Snteaiabs Yo eaotaeizdeonee Laps 26 noitsaimesb mad? 
-fyttos oasdie endaonsnsyxesh bas saieonabA =. elie seeds 
oy noe kisqmey sa wol stew jvtl \sheksviwps yliseq exew eeit 


eae ot alot tage ae 


a 


. eS aPry a > 7 


LS5s 


10000 


1000 


100 


n moles/g per hr 


10 


0.16 16 16x10 16x10? 1.6x102 
ADENOSINE EM 


Figure 5. Metabolism of adenosine-"‘c in+HEhrlich ascites 
tumor cells. 


Cells were incubated with sdenosine= Ley aa ae) 
min after which radioactivity in the products of 
adenosine kinase, AMP+ADP+ATP (4) and adenosine 
deaminase, H+HR (0), was measured. 
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Figure 6. Metabolism of adenosine-t4c in sheep erythrocytes. 


Cells were incubated with Hdenecine=c for 60 
min. after which radioactivity in the products of 
adenosine kinase, AMP+ADP+ATP (A), and adenosine 
deaminase, H+HR (0), was measured. 
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nucleoside phosphorylase activity measured by determination 
of the accumulation of radioactive hypoxanthine (Fig. 7). 
Inosine phosphorylase activity in sheep erythrocytes was 
found to be approximately 35 fold greater than adenosine 
deaminase activity. 

In view of the low levels of adenosine kinase 
and deaminase activities observed in sheep erythrocytes, 
the capacity of these cells to synthesize nucleotides from 
purine bases was also examined. Nucleotide synthesis from 
100 uM adenine=~-C, hypoxanthine-*“c and guanine-!*c was 
156, 55 and 6 nmoles/g per 60 min respectively. For com- 
parison, in human erythrocytes nucleotide synthesis from 
125 UM adendne-- c and 100 uM hypoxanthine-1c was 355 and 
295 nmoles/g per 60 min, respectively. 

In view of the evidence presented above for the 
formation of adenine from deoxyadenosine, several attempts 
were made to determine if adenine was also formed from 
adenosine in Ehrlich ascites tumor cells. Cells containing 
ATP labelled with hypoxanthine-" 7c were incubated with 
5.5 mM 2-deoxyglucose to cause ATP breakdown, 1 ug/ml 
coformycin to inhibit adenosine deaminase, and 5 mM 2,6- 
dichloro-9-(tetrahydropyran-2-yl) -9H-purine, which inhibited 
nucleotide synthesis from adenine by 83%. A small amount 
of adenine (5 nmoles/g) accumulated after 50 min, sug- 


gesting some cleavage of adenosine to adenine. Because of 
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Figure 7. Metabolism of inosine-"“¢ in sheep erythrocytes. 
Cells were incubated with ostces: c for 20 min 
after which the radioactivity in hypoxanthine 
(o) and IMP (A) was measured. 
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the incomplete inhibition of adenine phosphoribosyl- 
transferase activity, however, the exact extent of this 


process cannot be determined. 


DISCUSSION 


Alternative routes of deoxyadenosine metabo- 
lism have been examined in Ehrlich ascites tumor cells; 
mouse, human and sheep erythrocytes; and mouse brain, heart, 
kidney and liver. All of these tissues exhibited a low 
but measureable ability to cleave the glycosidic bond of 
deoxyadenosine. Although most previous studies of purine 
nucleoside phosphorylase from a variety of sources indi- 
cated that adenosine and deoxyadenosine were not substrates 
(12), recent experiments indicate that this enzyme from 
several mammalian sources can convert adenine to adenosine 
at low rates in the presence of ribose-li-phosphate (4). 
Although studies of the metabolism of generally labelled 
adenosine in rat erythrocytes provided no evidence for 
phosphorolysis of adenosine, the sensitivity of the methods 
used was not as great as those used here. 

There are but a few previous reports providing 
information on adenine formation in mammalian cells. Al- 


though adenine has not been detected in normal serum (13) or 
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Gissuessin vivoe( 14,15), 30 min suschemia (1A) leading to 
the degradation of nucleotides, caused accumulation of 
adenosine and adenine in rat heart (480 and 80 nmoles/g) 
and brain (340 and 60 nmoles/g)- Adenosine and adenine 
were also detectable in rabbit kidney and liver under simi- 
lar conditions (15). Of the four mouse tissues examined 
in this study, kidney exhibited the highest deoxyadenosine 
cleaving activity. It is also known that small amounts of 
adenine, 1.4 mg/day, are excreted in human urine (16). 

The origin of urinary adenine is unclear, but the wide+ 
spread distribution of adenine phosphoribosyltransferase 
(17,18,19) may account for the lack of free adenine in 
tissues. 

Further indirect evidence for a mammalian adenosine 
cleaving activity has come from studies of H. Ep. #2/MEMPR 
cells, which have adenine phosphoribosyltransferase but not 
adenosine kinase activities, and which are resistant to 
6-methylmercaptopurine ribonucleoside. Contrary to expec- 
tation, they were not cross resistant to 2-fluoroadenosine, 
Suggesting that 2-fluoroadenosine was converted to nucleo- 
tide by the sequential action of purine nucleoside phospho- 
rylase and adenine phosphoribosyltransferase (20). 

Deoxyadenosine kinase activities were equivalent 
or up to six-fold higher than deoxyadenosine cleaving 


activities in tissues incubated in the presence of coformycin 


(p\asfoma Of bas 08S) 4 

entnoba Snes smteonshs.. .(p 

«ima today wsavil Bas yonbra : 

banimexS zeveels sanom tues sia 36 (at) 
aniaonsheyxeeb tesitpin end bevtdides vanbia .ybuse ain: 

io ermoms Lfeme see anonivosie ei aT ,ytvason privast 

(aL) sotyu ceed nt bedstoxe exe yysh\on tT 

-ohiw afd tad ,reelon af eningis yxsntzy Yomte 

see 19tenext bysodizodgquadg entnebs Yo nottudizzeib Saexqe 

ai srinebe seat to tosl sf3 3603 aamegss Yom (OL, 8,50) 


_ 
eriaomsha msi simian 6 10T eoneb ive. atogs.bhid tedsawT, 9» atu 
SeMaM\oY .qa .H To epthose most ‘amon sad viiyidon paiva to. 
ton tud carteieanyt lyeod :ongeodg sittashs \ alidbene atiso 
ot Jassetes: sis deliv Bas. re e 
“negxes o3 YtetTdneD tyd 


te. 


(Table 1). Of the cells examined, erythrocytes had the 
highest phosphorylation/cleavage ratio. The relative 
deoxyadenosine cleaving activity (Table 2) was several 
fold higher in sheep erythrocytes than in human erythro- 
cytes. In contrast to erythrocytes, mouse kidney, brain, 
liver and heart exhibited near equivalent deoxyadenosine 
kinase and cleaving activities. 

There appears to be some variation in the sub- 
strate specificity of adenosine kinases from different 
tissues. The data of Wong and Henderson (7) indicate that 
in chopped mouse brain, phosphorylation of adenosine (7) 
was 70-fold greater than phosphorylation of deoxyadenosine 
(Fig. 4) at 20 UM nucleoside concentration. Sheep erythro- 
cytes, however, phosphorylated nearly equivalent amounts 
of deoxyadenosine and adenosine. Deoxyadenosine is phospho- 
rylated by mammalian adenosine kinases from Ehrlich ascites 
tumor cells and rabbit liver (9), but not by adenosine 
kinasdepuritied! from Hey Eps + $2) cells) (21) ,onpyeasta(22,23)% 
Deoxyadenosine kinase purified from calf thymus used adeno- 
sine and guanosine at much lower rates than deoxyadenosine 
and deoxyguanosine (24). There is indirect evidence that 
a single enzyme is responsible for the conversion of both 
nucleosides to nucleoside monophosphates in the Ehrlich 
ascites tumor cells used in this work; adenosine was phos- 


phorylated approximately 10-fold more rapidly than 
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deoxyadenosine (5). 

A single enzyme is believed to be responsible 
for the deamination of deoxyadenosine and adenosine in 
mammalian cells (25,26,27). Because the inosine and deoxy- 
inosine produced by deamination are substrates of purine 
nucleoside phosphorylase (28), the three potential routes 
of adenosine metabolism, phosphorylation, deamination and 
cleavage, are not ordinarily distinguished in studies of 
intact cells since AMP may ultimately be formed by all of 
them. 

In the absence of coformycin, deamination was the 
major route of deoxyadenosine metabolism in mouse brain, 
heart, kidney and liver and in mouse and human erythrocytes, 
whereas phosphorylation and deamination were nearly equi- 
valent in sheep erythrocytes. Adenosine deaminase activi- 
ties were nearly equal in sheep erythrocytes and Ehrlich 
ascites tumor cells at a concentration of 16 UM adenosine, 
but adenosine kinase activity in Ehrlich ascites tumor cells 
was 50 times higher than in sheep erythrocytes. Because 
human and sheep erythrocytes are unable to synthesize 
adenine nucleotides from hypoxanthine, deamination of adeno- 
sine therefore produces a reduction of adenine compounds 
in these cells. In view of the rapid turnover of adenine 
nucleotides in erythrocytes (29,30,31), these cells may 
require a continuous supply of adenine or adenosine to 


maintain the adenine nucleotide pool. 
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CHAPTER 9 


VARIATIONS IN PURINE METABOLISM AMONG 


SUBLINES OF MOUSE TUMORS 
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INTRODUCTION 


Many studies have dealt quantitatively with the 
kinetics and regulation of enzymes of purine ribonucleotide 
synthesis and interconversion, and quantitative variations 
in enzyme activities have proven to be important as bases 
of metabolic disorders and of drug resistance. In contrast 
to studies with cell-free preparations, most investigations 
of enzymes of purine ribonucleotide synthesis and inter- 
conversion in intact cells have been only qualitative or - 
descriptive. In this chapter recently developed methods are 
used to quantitatively measure variations in activities of 


enzymes of purine metabolism in intact mammalian cells. 


MATERIALS AND METHODS 


Cells were collected and incubated as previously 
described (Chapter 2) with 100 HM hypoxanthine-8-" c (49.2 
mCi/mmole, Schwarz BioResearch). Procedures for measurement 
of radioactivity in purine bases, ribonucleosides and ribo- 
nucleotides (1), and in acid-insoluble nucleotides (Chapter 
2) have been reported. The Ehrlich ascites tumor lines 


were carried in Ha/ICR mice and mouse lymphoma L5178Y cells 


were carried in BDF, mice. 
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The metabolism of hypoxanthine-!4c was examined 
in the parent Ehrlich ascites tumor cell line (EAC) and 
two sublines. Paterson (2) has described the development 
of a subline, EAC-Rl, that is resistant to 6-mercaptopurine 
(6MP) and which has lost the ability to form 6MP-nucleotide. 
Another Ehrlich ascites tumor cell line, EAC-R2, was 
developed (3) that was resistant to 6-methylmercaptopurine 
ribonucleoside (6MeMPR). The EAC-R2 subline is unable to 
convert virtually any 6MeMPR to nucleotide (3) and has a 
reduced ability to convert adenosine and deoxyadenosine 
to nucleotides (4). 

The two L5178Y mouse lymphoma lines examined 
differed in their sensitivities to the delayed cytotoxic 
effect of 6MP; the L5178Y-H1l line was less sensitive (D. M. 
Tidd, personal communication) than the parent line (5). 

In order to obtain sufficient cells, both lymphoma lines 
were transplanted to mice and the cells from the first 


transplant generation were used. 


Normalization of apparent enzymatic activities 

Methods have been presented for the determination 
of apparent activities of several enzymes of purine meta- 
bolism in whole cells (6). Data for the apparent activity 
of the first step in the metabolism of a labelled precursor 


in different cells may be compared directly, provided that 
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equal concentrations of precursor have been used. Reac- 
tions subsequent to the first, have to be corrected for 
the differing supplies of radioactive substrates that are 
available to them. In order to facilitate comparison of 
apparent activities of such reactions in different cells, 
the following method of normalization has been developed. 

The first step in normalizing various sets of 
experimental results to whichever set of results has been 
designated as the norm, is the calculation of fractional 
activities. Fractional enzyme activities are obtained by 
division of apparent activities measured in one cell line 
by the corresponding values for the norm. Normalized 
apparent activities, rae are obtained by division of 
apparent activities of the process being considered, v, 
by the fractional activity of the preceding process in the 
metabolic scheme, fP so that v” = v/£tP, 

For example, consider the conversion of precursor 
x LOeY and 2p im two cLlrrerent cells, E™ ana E’, both 
incubated with the same initial concentration of X; the 
activities in experiment E” are represented by v", and those 


a 
in E* are represented by v . 
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The apparent activities, ra and ae may be compared di- 
rectly. To be able to compare the activities of the enzyme 
catalyzing the reaction Y——~» Z, the supply of radioactive 
substrate Y must be equivalent in both cases. When the 
activities of cell E® are normalized to those of BE", the 
ratio of supply of Y in the two cell types is given by 
v/v = f,- Thus, if the supply of Y in cell E* were equal 
toethat an Dee. the normalized apparent activity of the 
reaction Y———> Z would be given by Neyo and this value 
could then be compared with the apparent activity of this 
reaction in cell Bae which is wee 
These methods have been applied to a comparison 
of hypoxanthine metabolism in Ehrlich ascites tumor cells 
and sublines EAC-Rl and EAC-R2, and also to mouse lymphoma 
L5178Y cells and subline L5178Y-H1. Apparent enzyme 
activities of the parent line have been taken as the norm 
in each case and normalized apparent activities were cal- 
culated for each subline. The metabolism of hypoxanthine-!*c 
(100 uM) was measured over a time course and the normalization 
procedure was applied to each set of data for a given time 
period. Values reported for apparent enzymatic activity 


are averages of duplicate determination. 
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RESULTS 


Ehrlich ascites tumor cells 

A comparison of the normalized activities of 
enzymatic reactions of hypoxanthine metabolism in EAC, 
EAC-R1, and EAC-R2 cells has been made. For the three 
Ehrlich ascites tumor cell lines, the normalized activities 
of the following processes were equivalent and gave near 
superimposable plots of product formation with respect to 
time: AMP kinase, ADP kinase, GMP synthetase, GMP kinase, 
GDP kinase, and GTP ——> nucleic acid guanine. Enzymatic 
activities which showed differences from the parent line 
are given in Figures 1 to 6. The linear formation of 
xanthine and uric acid with time (Fig. 1) indicated that 
100 uM hypoxanthine was saturating for this process; these 
data also showed that the EAC-R1l subline has 1.5 times the 
xanthine oxidase activity of the parent line. IMP dephos- 
phorylase activity (Fig. 2) was reduced in the EAC-R2 line 
to 0.6 of that in, BAC, and the BAC-RI line had £.2 fold 
greater activity than the parent line. The conversion of 
ATP to nucleic acid adenine (Fig. 3) in EAC-Rl cells was on 
the average 1.5 fold greater than in EAC or EAC-R2 cells. 
Differences observed with respect to hypoxanthine phospho- 
ribosyltransferase (Fig. 4), adenylosuccinate synthetase 
plus lyase (Fig. 5), and IMP dehydrogenase (Fig. 6) were 


of a lower magnitude. 
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Figure 1. Xanthine oxidase. 
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ATP conversion to nucleic acid adenine. 
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Figure 4. Hypoxanthine phosphoribosyltransferase. 
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Figure 5. Adenylosuccinate synthetase plus lyase. 
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Figure 6. IMP dehydrogenase. 
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Lymphoma L5178Y 

Enzymatic activities in lymphoma L5178Y cells and 
the normalized activities in the L5178Y-Hl subline have been 
compared; the following processes had equivalent activities 
in the two cell lines over the 75 min time course studied: 
AMP kinase, ADP kinase, ATP ——> nucleic acid adenine, GMP 
kinase, GDP kinase, and GTP ——> nucleic acid guanine. 
Enzymatic activities which showed differences are shown in 
Figures 7 to 12. Xanthine oxidase activity was two fold 
higher in L5178Y-H1 cells than in the parent line (Fig. 7), 
and the activity of IMP dehydrogenase was greater in L5178Y- 
Hl cells over the initial 30 min of incubation (Fig. 8). 
IMP dephosphorylase activity (Fig. 9) in L5178Y-H1 cells 
was approximately half that of the parent L5178Y line. 
Differences were observed with respect to hypoxanthine phos- 
phoribosyltransferase (Fig. 10) during the initial 30 min 
of incubation, and with respect to adenylosuccinate syn- 
thetase plus lyase (Fig. 11) and GMP synthetase (Fig. 12) 


during the final 30 min of incubation. 
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Figure 7. Xanthine oxidase 
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Figure 9. IMP dephosphorylase. 
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Figure 10. Hypoxanthine phosphoribosyltransferase. 
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Figure 11. Adenylosuccinate synthetase plus lyase. 
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Figure 12. GMP synthetase. 
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DISCUSSION 


This study has detected several differences in 
the apparent activities of enzymes of purine ribonucleotide 
synthesis and interconversion in five tumor lines, and this 
approach therefore appears to have potential as a means of 
exploring enzymological differences in tumors sensitive and 
resistant to drugs affecting purine metabolism. For example, 
the L5178Y-H1 subline, which is less sensitive to the toxic 
effects of 6MP than the parent line, had a greater xanthine 
oxidase activity (Fig. 7) than the parent line and a lower 
rate of conversion of hypoxanthine to nucleotides during the 
initial 45° man Of a2ncubation (Fig. 10) 6MP, of course, 2s 
known to be metabolized by both xanthine oxidase (7) and 
hypoxanthine phosphoribosyltransferase (8,9,10). An 
accelerated rate of conversion of labelled ATP to nucleic 
acid adenine in EAC-Rl cells (Fig. 3), may also suggest 
that the ATP pool in EAC-Rl1 cells may be smaller than that 
in EAC or EAC-R2 cells. It is not known for certain how- 
ever, whether these differences are directly related to 
the variation in sensitivity of these tumors to 6MP and 
6MeMPR. 

Although the metabolism of only a single concen- 
tration of one labelled precursor over a time course was 


studied in these experiments, the metabolism of a range of 
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precursor concentration for a fixed incubation period may 
also be useful. The use of labelled adenine and guanine, 

in addition to hypoxanthine, could also broaden the range 

of enzymatic activities examined. The method of determining 
normalized apparent activities developed in this work is 
clearly also applicable to any study which may profit from 

a comparative analysis, whether variations be due to dif- 
ferences in experimental conditions, cell types, or drug 


effects. 
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